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1. Introduction
[bookmark: _Hlk528677395]NR Work Item [1] on NR-based access to unlicensed spectrum has been approved in RAN plenary #82. To maximize the applicability of NR-based access, it is beneficial to specify solutions applicable to unlicensed bands scenarios as part of the NR development. In this contribution, we consider the changes and enhancements needed for HARQ feedback and scheduling for NR unlicensed scenarios. 
2. UL scheduling
One of the key challenges in unlicensed band scheduled uplink is the uncertainty of uplink channel access. The channel access probability and, consequently, UL latency can be improved by allowing multiple starting points for a scheduled PUSCH, as we discuss in more detail in [2]. Especially in the case of multi-slot PUSCH scheduling, the multiple starting points may span over a sufficient time to provide a reasonable increase in the UL channel access probability. Hence, we see that multiple starting points can be supported with multi-TTI PUSCH scheduling [2]. 
Multiple PUSCH starting points could be supported by 
· Puncturing PUSCH. This requires further investigations e.g. whether puncturing includes DMRS puncturing and relying on DMRS on the following slots. DMRS puncturing can impact gNB receiver in PUSCH starting point blind detection, channel estimation, buffering, etc, and need to be carefully studied.  
· Mini-slot PUSCHs i.e. Type B PUSCH mapping. This option can efficiently re-use the Rel-15 mechanisms with different TB in each TTI. 
· PUSCH across slot boundary. This is not attractive for scheduled UL, as the moved PUSCH may overlap in following slots with the UL LBT gap for other multiplexed UEs. This unnecessarily complicates the channel access for other UEs multiplexed (by FDMA or TDMA) in the following slots. 
Hence, and as proposed also in [2], we see that Type B PUSCH mapping should be supported for multi-slot scheduling in NR-U to enable flexible starting points and thus increase channel access probability for UE. 
Proposal 1: Multi-TTI PUSCH scheduling with a single UL grant supports Type B PUSCH mapping for flexible PUSCH starting points. 
While the use of mini-slots increases the probability of channel access, it increases also the number of required HARQ processes. Furthermore, to increase transmission capability of UE with larger bandwidth, a UL BWP for a UE may span over multiple sub-bands. When accessing large bandwidth of e.g. 160 MHz (i.e. 8 sub-bands), having HARQ process per sub-band will result in a large number of HARQ processes. In this case, the number of required HARQ process will increase with the number of scheduled slots, the number of mini-slots per slot or/and the number of sub-bands and will greatly exceed the maximal number of HARQ processes (i.e. up to 16 HARQ processes) in NR Rel-15. However, significant increase in the number of HARQ processes has difficult software and hardware implementation implications. On the other hand, although it would be beneficial to schedule one TB over the sub-bands available based on the outcome of LBT, it will be a big challenge for UE to prepare data right after LBT due to long preparation time including e.g. getting data from high layer, TBS determination, channel coding, modulation, IFFT, digital filtering or/and RF retuning. Therefore, further enhancement for multi-TTI PUSCH scheduling is needed to cope with the above challenges while achieving the benefits of the flexible BWP operation & flexible starting points. 
Proposal 2: To support flexible BWP operation and flexible starting points with acceptable number of HARQ processes, further enhancements shall be addressed for multi-TTI PUSCH scheduling.
When considering multi-TTI scheduling with allocation of multiple contiguous TTIs, mini-slots (or Type B PUSCH mapping) are needed only at the beginning of transmission to support flexible PUSCH starting points within a slot. On the other hand, use of mini-slots causes a significant increase in the number of required HARQ processes. The use of mini-slots throughout multiple scheduled slots increases also DMRS overhead unnecessarily. The drawbacks from the use of mini-slots would remain acceptable if the mini-slots were used only at the beginning of transmission where they are needed. However, the actual transmission starting time is not known beforehand due to uncertain channel access.   
One potential approach to solve the problem is to introduce partially floating HARQ processes for multi-slot PUSCH scheduling as illustrated in Figure 1:
· For a multi-slot UL grant with slots, a floating block would be defined for  slots (e.g. 2 slots), with a floating HARQ process allocated for each mini-slot and slot in the floating block.
· For the later ( scheduled slots, a normal HARQ process per slot would be allocated.
· When the UL LBT operation fails for a slot, the floating block is shifted forward into the next scheduled slot, and the floating HARQ processes are mapped into the corresponding time-frequency resources.
· When a later normally scheduled slot is overridden by the floating block shifted forward, the floating HARQ processes replace the normal HARQ process (with fixed timing); otherwise, the normal HARQ processes are used for transmission after the floating block.
The approach will significantly reduce the number of required HARQ processes when compared to a case where mini-slots are assigned for all scheduled slots, as there is only one slot prepared with mini-slot structure. For example, with one additional HARQ process, flexible starting points at every ½ slot can be supported as shown in Figure 1. Additionally, UE does not need prepare mini-slot TBs again and again for each slot on which UE tries unsuccessfully access the channel. It can prepare TBs for the floating block and transmit the prepared TBs once it obtains the channel access. 

Proposal 3: A floating HARQ process block is introduced for multi-TTI PUSCH scheduling to support flexible starting points with acceptable number of HARQ processes.
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Figure 1. Operation of floating HARQ block in multi-TTI scheduling
When considering the scheduling of NR-U uplink in the Scenario A (Carrier aggregation between licensed band NR (PCell) and NR-U (SCell)), cross-carrier scheduling of NR-U PUSCH from a licensed-band NR cell offers clear benefits. In particular, the inherent uncertainties of unlicensed access do not affect the scheduling PDCCH but are limited only to actual NR-U PUSCH transmission and reception. Hence, we see that UL cross-carrier scheduling from a licensed-band NR cell should be supported in NR-U . In the case of Scenario A, the licensed band scheduling carrier may use lower SCS than the unlicensed band scheduled carrier. It was identified during Rel-15 NR WI that multi-TTI scheduling would be beneficial for cross-numerology scheduling from low SCS to high SCS. Hence, we propose that NR-U multi-TTI scheduling supports also cross-numerology scheduling across carriers. We see that the solution should be based on the cross-carrier scheduling mechanism across different numerologies that will be completed for (licensed) NR in Rel-16 “DC and CA enhancements” WI [5], [6]. 
Observation 1: Cross-numerology scheduling is beneficial for NR-U PUSCH scheduling especially in the case of Scenario A (CA with NR cells) deployment
Proposal 4: NR-U PUSCH multi-TTI scheduling supports cross-numerology scheduling based on Rel-16 mechanism.
During the NR-U SI, cross-carrier HARQ retransmissions, that is, HARQ retransmission through a different carrier than the original carrier, was discussed. Cross-carrier HARQ retransmission may offer a form of diversity for the channel access with separate LBT process per carrier. BWP may also span multiple sub-bands each having a separate LBT process. Of course, cross-carrier HARQ retransmissions can provide some additional degrees of LBT diversity. However, it is unclear how much further performance gain can be achieved with cross-carrier HARQ retransmissions when compared against HARQ retransmissions on BWP covering multiple sub-bands of 20 MHz. On other hand, cross-carrier HARQ retransmissions may cause considerable changes to HARQ process management. Hence, the gains achievable with cross-carrier HARQ retransmissions should be substantial and, first of all, should be carefully assessed.
[bookmark: _Hlk527715683]Observation 2: Benefits from cross-carrier HARQ retransmissions should be carefully assessed against HARQ retransmissions on a BWP covering multiple LBT sub-bands of 20 MHz. 
3. PDSCH HARQ feedback over unlicensed band
When HARQ feedback is transmitted over an unlicensed band, channel contention creates additional challenges: channel contention may delay HARQ feedback unpredictably, and hidden node problem and bursty interference may cause occasional HARQ feedback detection failures.
Flexible HARQ feedback determination & timing of NR Release 15 forms the natural baseline for HARQ feedback in NR unlicensed, as it has inbuilt support for highly flexible TDD configurations and support for self-contained slot operation (depending on the UE capability) This is pointed also in NR-U WID [1], determining objectives for HARQ operation as “NR HARQ feedback mechanisms are the baseline for NR-U operation with extensions in line with agreements during the study phase (NR-U TR section 7.2.1.3.3), including immediate transmission of HARQ A/N for the corresponding data in the same shared COT as well as transmission of HARQ A/N in a subsequent COT”. In the following, we consider both cases in more detail.
3.1 HARQ feedback in self-contained COT
Immediate transmission of HARQ feedback for the DL data in the same shared COT minimizes the HARQ feedback latency as well as jitter in the feedback latency. This kind of self-contained COT is well supported by Rel-15 PDSCH processing capability 2, having PDSCH processing times as short as 3, 4.5, and 9 symbols for SCS of 15 kHz, 30 kHz and 60 kHz, respectively. 
In unlicensed band operation, a gap of even few symbols may be undesirable, as it opens up a possibility for other systems to contend and access the channel. Correspondingly, in TR 38.889 [5], it is identified that a gap of up to 16 µs should be allowed between the end of DL transmission and the immediate feedback transmission. It is also noted that it is beneficial to support useful transmissions in the time between DL data transmission and corresponding immediate HARQ feedback transmission. Such UL transmissions may be e.g. PUSCH, PUCCH used for CSI reporting, or even SRS. In our view, it is important that triggering or scheduling of these transmissions does not require separate DCIs increasing the downlink control overhead but can be triggered by the same DL assignment scheduling PDSCH as shown in Figure 2.
Proposal 5: In self-contained COT operation, DL assignment can trigger a pre-configured UL transmission (short PUSCH, CSI report, or SRS) preceding the HARQ ACK transmission associated to the DL assignment.  
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Figure 2. HARQ feedback in self-contained COT with UL transmission filling the PDSCH processing time gap.
3.2 HARQ feedback across COTs 
In addition to immediate HARQ feedback within a self-contained COT, also UEs with more modest processing capabilities shall be supported in NR-U with HARQ feedback outside the COT. In TR38.889 [5], 3 candidate solutions are considered: 
-	Alt1: gNB requests/triggers feedback for PDSCH from earlier COT(s)
-	Alt2: UE is configured to report HARQ feedback for PDSCH from earlier COT(s) without an explicit request/trigger
-	Alt3: by PDSCH-to-HARQ-timing-indicator in the DCI scheduling the PDSCH
From these alternatives, Alternative 1 is a promising mechanism for HARQ feedback across COTs. For the last PDSCH(s) of COT, a specific value of the PDSCH-to-HARQ-timing-indicator can be used to indicate to the UE that the timing and resource for the HARQ feedback will be determined later as noted in TR38.889. However, some of the detailed proposals for Alternative 1 incorporate the HARQ feedback for the whole COT instead of ACK/NACK only for the last PDSCH of COT. However, e.g. with Cat 1 channel access and in most cases of Cat 2 LBT, the UE has already transmitted most of the HARQ feedback for the earlier COT. Such unnecessary repetition of HARQ feedback leads to unnecessary and significant increase in the HARQ feedback overhead, especially with CBG-based feedback. Hence, we see important that the HARQ feedback from earlier COT can be limited only to the pending HARQ feedback (that is, HARQ feedback not yet transmitted).
Proposal 6: In HARQ feedback mechanism across the shared COTs, unnecessary transmission of HARQ feedback for multiple times shall be avoided.  
A simple solution for Alternative 1 with efficient HARQ feedback size is shown in Figure 3. UE identifies that dynamic codebook (determined by DAI) is extended across COTs by the K1 value indicating that HARQ feedback time is determined later. In the next COT, the transmission for the pending HARQ feedback is triggered by the incremented DAI. UE continues with the DAI based codebook determination, with the actual transmission time and resource determined by K1 and PRI indicated in the next COT.  
Proposal 7: gNB can trigger the pending HARQ feedback from earlier COT with the incremented DAI in the DL assignment on the following COT (in Alt 1a of TR38.889).    
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Figure 3. Extending DL association set of dynamic codebook across COTs.
In Alternative 2, UE autonomously reports HARQ feedback for PDSCH from earlier COT(s) without an explicit request/trigger. The baseline solution is prone to ambiguity in the transmitted codebook size: e.g. UE may transmit HARQ feedback but gNB may fail to detect it. In the following COT, UE transmits HARQ feedback for that COT only, while gNB expects a combined feedback for both current and previous COT. This causes ambiguity in the codebook size, resulting in failed detection. It may cause ambiguity also on the PUCCH resource selection (based on payload size), resulting in worst case in PUCCH resource collision between different UEs. It has been proposed that UE indicates together with HARQ feedback whether HARQ feedback from earlier COT(s) is combined to the transmission. However, this does not solve the potential ambiguity in the PUCCH resource selection. Further, we do not see any particular benefits that Alternative 2 can offer over Alternatives 1 and 3.
Observation 3: Alt 2 in TR38.889 is prone to ambiguity in the codebook size and/or PUCCH resource selection. There is no need to consider Alt 2 further. 
Alternative 3 is rather straightforward to support - UE simply tries to transmit PUCCH at the indicated slot and resource e.g. in UE initiated COT. The alternative requires an indication of the LBT type to be used by UE, which can be easily introduced. It also complements other alternatives for the case where gNB does not initiate any immediate next COT(s). In such a case, gNB can indicate to UE a HARQ feedback time after the COT.  
Proposal 8: Alt 3 in TR38.889 is supported for HARQ feedback in UE initiated COT. 
3.3 Multiple HARQ feedback transmission opportunities
Although the UE is able to transmit the HARQ feedback in most of the cases (e.g. with Cat 1 channel access), there is also the risk that HARQ feedback transmission is blocked by UE LBT (if UE LBT is required for HARQ feedback) or corrupted by hidden node transmission starting during PUCCH. Hence, mechanisms providing multiple and/or supplemental time and/or frequency domain transmission opportunities were identified as potential techniques for NR-U in the NR-U WID [1].   
The mechanisms for multiple HARQ feedback opportunities listed in TR38.889 can be categorized as A: multiple opportunities signaled in advance (Alt 4 and Alt 5 in [5]) and B: explicitly triggered opportunities (Alt 1 and Alt 2 in [5]). We see that both HARQ feedback mechanisms may be needed in NR-U to achieve good reliability for HARQ feedback and need to be investigated further: 
· Determining multiple HARQ feedback transmission opportunities in advance can reduce the additional latency caused by LBT blocking the original HARQ feedback opportunity, as the missing HARQ feedback does not need to be pulled by a separate DCI. Reduced latency facilitates more efficient HARQ operation as some of HARQ processes are not suspended by missing HARQ feedback. 
· The drawback is the UL overhead, as multiple PUCCH resources are reserved for single HARQ feedback. Hence, multiple PUCCH resources should be allocated only to the UEs frequently suffering from blocked channel access. The allocation should be dynamic and highly flexible to support fast adaptation to changing load in channel contention. We see that extending HARQ feedback timing indication (K1) in DCI to indicate multiple timings is a sufficiently flexible approach: some K1 values may be configured to indicate multiple transmission opportunities while other K1 values may indicate single transmission opportunity.  
· Correspondingly, the PRI may be configured to indicate a single PUCCH resource, or a sequence of PUCCH resources corresponding to the different HARQ feedback timings indicated by K1. The sequence of PUCCH resources may be configured e.g. to cover different LBT sub-bands. 
· To save in UL overhead, gNB may schedule single HARQ feedback opportunity for UEs mostly having successful channel access. Of course, the channel access may be occasionally blocked also for those UEs.    HARQ feedback pulling (Alt 1b) via a separate triggering DCI offers a robust mechanism to retrieve HARQ feedback in such situations as well as after a longer disruption on channel access. Another important benefit of the pulled/triggered HARQ feedback is that the HARQ-ACK feedback can be triggered exactly as many times as needed. As the pulled HARQ-ACK feedback occurs with ambiguous timing relation to the associated PDSCHs, we see that HARQ-ACK codebook based on the HARQ process IDs or HARQ process groups is a good starting point for pulled HARQ-ACK feedback design.
Considering the codebook for the pulled/triggered HARQ feedback more closely, three basic options can be identified:
· HARQ feedback for all HARQ processes are triggered by a DCI. However, new HARQ-ACK transmission opportunity is not necessarily needed for all HARQ processes. Hence, the HARQ-ACK codebook covering all HARQ processes would results in unnecessarily large codebook in some cases. Therefore we see that also other codebooks based on the HARQ process IDs or HARQ process groups and allowing for reduced codebook size should be considered. 
· HARQ-ACK for multiple HARQ processes are triggered by a DCI. The key issue of this option is how to indicate multiple HARQ processes efficiently. Dynamic grouping is an efficient way to reduce the size of DCI triggering the HARQ feedback. Multiple HARQ processes can be dynamically grouped into a group with a group ID in the scheduling DL grant. The HARQ feedback triggering DCI can indicate the HARQ process group for which HARQ feedback is transmitted with the group ID. It can be further noted: 
· 2-bit group ID may be sufficient, hence, keeping the DL overhead acceptable.
· The group ID can be kept constant within a HARQ feedback window (or DL association set) and alternated between the HARQ feedback windows. With this, the normal DAI mechanism can be used to ensure correct codebook size.  
· The approach can trigger retransmission only for previous HARQ feedback, or any combination of previous HARQ feedbacks (up to 4 previous HARQ feedbacks with 2-bit group ID). 
Proposal 9: Support both a HARQ feedback mechanism providing multiple HARQ-ACK transmission opportunities by PDSCH scheduling DCI (Alt 4/5 in TR38.889) as well as a mechanism for explicitly pulled HARQ feedback by a separate DCI (Alt 1b in TR38.889).
Proposal 10: For explicitly pulled HARQ feedback, HARQ-ACK codebook covering all HARQ processes as well as a codebook covering a portion of HARQ processes are supported.
Proposal 11: HARQ feedback grouping by group ID in the PDSCH scheduling DCI is supported as an efficient way to control the size of HARQ feedback with reasonable DCI overhead. 
3.4 LBT categories applicable for HARQ feedback on PUCCH
One aspect to consider is the LBT categories that can be applied for HARQ feedback transmission on PUCCH. We discuss the channel access aspects in more detail in [6]. We see that within gNB acquired shared COT, Cat2 LBT should be supported for PUCCH. Further, as PUCCH transmission can be short and carries important signaling, we see that in the case the preceding gap is up to 16 us, UE may transmit PUCCH within the shared COT immediately. On other hand, Cat4 LBT procedure should be supported for PUCCH transmissions outside shared COT. 
Proposal 12: Cat 1 and Cat 2 channel access procedures are supported for HARQ feedback on PUCCH within a shared COT.
Proposal 13: Cat 4 channel access procedure is supported for HARQ feedback on PUCCH outside of shared COT.
4. Conclusions 
In this contribution, we discussed the changes and enhancements needed for HARQ scheduling and feedback for NR unlicensed scenarios. Based on the discussion, we make the following observations and proposals:
UL scheduling
Proposal 1: Multi-TTI PUSCH scheduling with a single UL grant supports Type B PUSCH mapping for flexible PUSCH starting points. 
Proposal 2: To support flexible BWP operation and flexible starting points with acceptable number of HARQ processes, further enhancements shall be addressed for multi-TTI PUSCH scheduling.
Proposal 3: A floating HARQ process block is introduced for multi-TTI PUSCH scheduling to support flexible starting points with acceptable number of HARQ processes.

Proposal 4: NR-U PUSCH multi-TTI scheduling supports cross-numerology scheduling based on Rel-16 mechanism.
Observation 1: Cross-numerology scheduling is beneficial for NR-U PUSCH scheduling especially in the case of Scenario A (CA with NR cells) deployment
Observation 2: Benefits from cross-carrier HARQ retransmissions should be carefully assessed against HARQ retransmissions on a BWP covering multiple LBT sub-bands of 20 MHz. 
HARQ feedback for self-contained COT
Proposal 5: In self-contained COT operation, DL assignment can trigger a pre-configured UL transmission (short PUSCH, CSI report, or SRS) preceding the HARQ ACK transmission associated to the DL assignment.  
HARQ feedback across COTs
Proposal 6: In HARQ feedback mechanism across the shared COTs, unnecessary HARQ feedback transmission of multiple times shall be avoided.  
Proposal 7: gNB can trigger the pending HARQ feedback from earlier COT with the incremented DAI in the DL assignment on the following COT (in Alt 1a of TR38.889) .    
Proposal 8: Alt 3 in TR38.889 is supported for HARQ feedback in UE initiated COT. 
Observation 3: Alt 2 in TR38.889 is prone to ambiguity in the codebook size and/or PUCCH resource selection. There is no need to consider Alt 2 further. 
Multiple HARQ feedback opportunities
Proposal 9: Support both a HARQ feedback mechanism providing multiple HARQ-ACK transmission opportunities by PDSCH scheduling DCI (Alt 4/5 in TR 38.889) as well as a mechanism for explicitly pulled HARQ feedback by a separate DCI (Alt 1b in TR 38.889).
Proposal 10: For explicitly pulled HARQ feedback, HARQ-ACK codebook covering all HARQ processes as well as a codebook covering a portion of HARQ processes are supported. 
Proposal 11: HARQ feedback grouping by group ID in the PDSCH scheduling DCI is supported as an efficient way to control the size of HARQ feedback with reasonable DCI overhead. 
LBT for HARQ feedback
Proposal 12: Cat 1 and Cat2 channel access procedures are supported for HARQ feedback on PUCCH within a shared COT.
Proposal 13: Cat4 channel access procedure is supported for HARQ feedback on PUCCH outside of shared COT.
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