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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction & Background
In RAN#82 meeting, the WID of the NR access to the unlicensed spectrum has been approved [1]. The following physical layer procedures have been identified as the objectives of the work item.
-	Physical layer procedure(s) including [RAN1, RAN2]:
[bookmark: _Hlk532426838]- 	HARQ operation: 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. Potentially support mechanisms to provide multiple and/or supplemental time and/or frequency domain transmission opportunities. (RAN1)
-	Scheduling multiple TTIs for PUSCH in-line with agreements from the study phase (TR 38.889, Section 7.2.1.3.3). (RAN1)
…
In this contribution we discuss potential issues on NR-U HARQ enhancement.
2. Discussion
2.1. HARQ-ACK feedback mechanism
1. 
2. 
2.1. 
Trigger design for HARQ feedbacks
In last ad-hoc meeting 1901[2], following agreement about HARQ-ACK feedback mechanism was achieved:
 (
Agreement:
For enabling multiple opportunities for HARQ A/N transmission and for cross-COT HARQ-ACK feedback, at least the following is supported:
gNB
 requests/triggers feedback for PDSCH from earlier COT(s) or additional reporting of earlier HARQ feedback, where the exact HARQ feedback timing and resource is provided to the UE in another DCI 
(in the same or in another COT)
)
[bookmark: OLE_LINK7][bookmark: OLE_LINK9]With explicit request/trigger, the solution in above agreement allows triggering/requesting 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). 
Regarding the trigger design, the trigger field and corresponding content of triggered HARQ-ACK feedback should be considered first. For example, gNB can use 1 bit in a DCI to request/trigger all unsuccessfully reported HARQ-ACK feedbacks, or HARQ-ACK feedbacks for all configured HARQ processes. Alternatively, it can also use more detailed signaling to request/trigger HARQ-ACK feedbacks for a set of HARQ process IDs/PDSCHs or HARQ process ID/PDSCH groups, even for a single HARQ process ID. There will be a trade-off between the overhead of downlink signaling carrying request/trigger, and that of uplink signaling carrying HARQ feedbacks. In addition, for non-scheduling DCI triggering mechanism, a group-common DCI triggering multiple UEs to report HARQ-ACK feedbacks can be beneficial from triggering overhead perspective. Since usually, a gNB-initiated COT with multiple UEs to report HARQ-ACK feedbacks in the same COT is a typical scenario and thus triggering multiple UEs seems to be natural and reasonable design as well.
Meanwhile, the DCI carrying the trigger information should be specified. Two straightforward methods could be considered, i.e. enhancement of normal DCI format scheduling PDSCH with additional trigger field, or introduction of a new separate DCI format for HARQ trigger purpose. For non-scheduling DCI triggering mechanism, it will most probably introduce new DCI size so that it will increase the number of BD/CE at UE side.
Proposal 1: When enhancing normal DCI format scheduling PDSCH or introducing a new separate DCI format to trigger/request reports for missed or unreported HARQ-ACK feedbacks, the new DCI can be UE-specific or group-specific, and the limitation for numbers of BD/CE at UE side should be considered.
Alternatively, to avoid increasing the number of BD/CE at UE side, gNB can use normal DCI format scheduling invalid PDSCH allocation when requesting/triggering. For example, the resource assignment related fields such as TDRA or FDRA in the DCI can be set as reserved values to indicate empty/invalid resource. If so, UE is triggered to transmit HARQ-ACK feedbacks corresponding to all configured HARQ processes in the specified PUCCH resource and timing. In this case, since neither new DCI format nor new DCI size is introduced, there is no extra burden with respect to PDCCH blind detections at the UE. 
Proposal 2: Normal DCI format scheduling PDSCH can be used for request/trigger of HARQ-ACK feedbacks with specific configuration, i.e. resource assignment fields set as reserved values to indicate empty/invalid resource.
Complementary HARQ feedback mechanism
By explicit request/trigger using a DCI, gNB needs to look for available downlink slots or symbols to carry the DCI when detecting the demand for reporting missed or unreported HARQ-ACK feedbacks, before which a considerable time may elapse, causing a negative impact on throughput performance. In order to ensure sending a DCI in time, it may be necessary to introduce multiple switching points within a COT. 
In addition to triggering mechanism, other mechanisms can also be considered to improve the HARQ feedback performance, i.e, UE can report unsuccessfully reported HARQ-ACK feedbacks in following opportunities based on predefined rules whenever needed. 
More specifically, if gNB indicates UE to report HARQ-ACK feedbacks on a PUCCH/PUSCH, but UE detects the channel is busy before transmission, or if gNB indicates UE to report HARQ-ACK feedbacks later for several consecutive PDSCH transmissions, UE can transmit the HARQ-ACK feedbacks in a following available UL resource, e.g., PUCCH/PUSCH scheduled by DL assignment/UL grant. To avoid HARQ-ACK codebook misalignment between gNB and UE, and simplify the design of HARQ-ACK codebook, HARQ-ACK feedbacks corresponding to all configured HARQ processes can be considered. 
When HARQ-ACK feedbacks are piggybacked on PUSCH, to decode these HARQ-ACK feedbacks correctly by gNB, 1 bit in UCI can be used to indicate whether there are HARQ-ACK feedbacks postponed from previous slots due to LBT failure transmitted on the PUSCH.
When HARQ-ACK feedbacks are multiplexed on PUCCH, gNB can blindly decode between two cases, i.e., UE transmits only HARQ-ACK feedbacks scheduled in the slot, or also including HARQ-ACK feedbacks postponed from previous slots due to LBT failure.
Some examples are given below.


[bookmark: _Ref534817191]Figure 1 HARQ-ACK feedback on PUCCH
As shown in Figure 1(a), gNB sends PDSCH1 to UE in slot n1, and indicates UE to report corresponding HARQ-ACK in slot n1+k1,1. In slot n1+k1,1, transmission of PUCCH1 is cancelled due to LBT failure. After slot n1+k1,1, UE is indicated another PUCCH transmission to report HARQ-ACK feedback for PDSCH2 in slot n2+k1,2. Therefore, UE will also report the unsuccessfully transmitted HARQ-ACK feedback for PDSCH1 in this slot together. To avoid misunderstanding about the number of HARQ-ACK bits between gNB and UE, UE can report HARQ feedbacks corresponding to all configured HARQ processes in this slot. The gNB can process with two times of blind detections, assuming there is only HARQ-ACK feedback according to DCI indication (i.e. HARQ-ACK feedback corresponding to PDSCH2), or there are HARQ-ACK feedbacks corresponding to all configured HARQ processes, respectively. 
Figure 1(b) shows that UE postpones the HARQ-ACK feedbacks for PDSCH1 and PDSCH2 further due to another LBT failure for PUCCH2 transmission, and all HARQ-ACK feedbacks will be sent on PUCCH3 once the channel acquisition is successful.
Figure 1(c) shows that the HARQ-ACK feedbacks for PDSCH1 and PDSCH2 which are indicated to be reported later are actually carried on PUCCH3 with that for PDSCH3.


[bookmark: _Ref534826093]Figure 2 HARQ-ACK feedback on PUSCH
Another example that HARQ-ACK feedbacks are carried on PUSCH is shown in Figure 2. The gNB sends PDSCH1 to UE in slot n1, and indicates UE to report corresponding HARQ-ACK in slot n1+k1. In slot n1+k1, PUCCH1 is cancelled due to LBT failure. After slot n1+k1, UE is scheduled a PUSCH transmission in slot n2+k2. Therefore, UE will carry the unsuccessfully sent HARQ-ACK feedback corresponding to PDSCH1 on PUSCH, and piggyback 1 bit to indicate the case of carrying HARQ-ACK feedbacks together with PUSCH transmission. 
By limited number of blind detections for PUCCH, or piggybacked 1 bit on PUSCH, HARQ-ACK codebook misalignment between gNB and UE in most scenarios will be resolved or decreased.
In our opinion, complementary mechanism mentioned above have some advantages in the following aspects:
· Shorten the feedback delay in some scenarios
In most scenarios, this mechanism can effectively deal with delayed HARQ-ACK feedbacks due to LBT failure and HARQ-ACK feedbacks pending from earlier COT(s), without interrupting regular data scheduling and transmission procedures, which results in more compact processing timing and less impact on throughput performance. Moreover, piggybacked reporting is less affected by the COT structure, so there is no requirement on multiple switching points within a COT to facilitate timely transmission of DCIs to request/trigger HARQ-ACK feedbacks. A simple illustration is shown in Figure 3 to compare the delay of HARQ-ACK feedback for PDSCH1 when complementary mechanism is applied or not.


[bookmark: _Ref1121423]Figure 3 Shorten the feedback delay by complementary mechanism
· Decrease the signaling overhead
Because no additional L1 signaling interaction is involved, the signaling overhead will be reduced significantly, resulting in lower complexity of PDCCH detection for UE. 
Proposal 3: In addition to trigger mechanism, reporting pending HARQ feedbacks by UE in following opportunities based on predefined rules can be considered as complementary solution.
Proposal 4: When reporting HARQ feedbacks in PUSCH with implicit request/trigger, 1 bit can be piggybacked to indicate the carried HARQ-ACK codebook type on PUSCH to avoid misunderstanding about the HARQ-ACK information between UE and gNB.
LBT category for HARQ feedback timing
In TR38.889 [3], there is a candidate solution that, PDSCH-to-HARQ-timing-indicator in the DCI scheduling the PDSCH is used to indicate UE that the HARQ-ACK feedback is to be transmitted outside the current COT. This is similar to the mechanism of HARQ-ACK feedback indicator in the same COT except for UE LBT category. Since HARQ-ACK feedback is outside the shared COT, category 1 LBT or category 2 LBT may not be applicable. UE may perform category 4 LBT to access channel and then transmit HARQ-ACK in the indicated PUCCH resource.
There can be situation described as follows. The gNB indicates UE in a COT (named COT1) to report HARQ-ACK feedbacks with a PUCCH resource that falls outside COT1 by applying category 4 LBT to access the channel. Then gNB acquires another COT (named COT2), and the indicated PUCCH resource falls inside COT2, UE can apply category 1 LBT or category 2 LBT to report HARQ-ACK feedbacks in the indicated PUCCH resource in this scenario. Meanwhile, if gNB schedules in COT2 new PDSCH transmissions for UE, of which corresponding HARQ-ACK feedbacks will also be reported in the indicated slot, then gNB can indicate UE to apply category 1 LBT or category 2 LBT to access the channel, in order to simplify UE behavior and improve  probability of successful channel access. At this time, two LBT categories are indicated by gNB for the HARQ-ACK feedbacks in a slot, which LBT category UE should follow in this scenario needs further consideration.



Figure 4 LBT category confusion for PUCCH
Observation 1: When using PDSCH-to-HARQ-timing-indicator in the DCI scheduling the PDSCH to indicate UE to feedback HARQ-ACK outside a COT, the UE may be indicated two LBT categories for a same PUCCH resource and how the UE handles such case needs to be considered.
2.2. [bookmark: _Ref534743876]HARQ-ACK codebook determination
In NR Rel-15, two types (i.e. semi-static and dynamic) of HARQ-ACK codebook are supported. In NR-U, due to the uncertainty of channel availability, some of the configured PDCCH monitoring occasions may not be available, which will result in many redundant HARQ-ACK bits in the semi-static codebook having no corresponding PDSCH transmissions. For dynamic HARQ-ACK codebook, some cases such as consecutive DCI miss detections may cause ambiguity on HARQ-ACK payload between gNB and UE or some enhancements such as extended DAI are needed. 
Besides, when UE is required to report missed or unreported HARQ-ACK feedbacks in a single PUCCH resource, as well as the HARQ-ACK feedbacks corresponding to the scheduled PDSCH transmissions by DCIs, then multiplexing or aggregation of these HARQ-ACK feedbacks will be involved.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]To simplify the HARQ-ACK codebook determination and avoid ambiguity on HARQ-ACK payload between gNB and UE, UE always transmits HARQ-ACK feedbacks based on the number of configured HARQ processes on a PUCCH transmission is beneficial. Since the number of HARQ processes is limited (e.g. N_HARQ_process = 16), UE will always transmit 16-bit HARQ-ACK (considering the number of TBs is 1) on each PUCCH when UE is not configured with CBG-based HARQ-ACK codebook. If some HARQ processes have no feedbacks for the corresponding PDSCHs or SPS PDSCH release, UE can set the corresponding HARQ-ACK information bits to NACK. In addition, UE can keep the HARQ-ACK bit state for the previous scheduled PDSCH until a new TB corresponding to this HARQ process is scheduled. For example, as shown in Figure 5, if UE is scheduled to transmit HARQ-ACKs for three PDSCHs with HARQ process ID 0/1/2 on the first PUCCH, UE transmits HARQ-ACKs for these three processes and sets the bits for the remaining 13 processes to NACK. Then UE is scheduled with another three PDSCHs with HARQ process ID 3/4/5 on the second PUCCH, since there is no new scheduling for HARQ process ID 0/1/2, UE can keep the HARQ-ACK feedbacks for these processes. UE transmits HARQ-ACKs for the scheduled 6 processes and sets the bits for the remaining 10 processes to NACK. If so, it can naturally provide with multiple opportunities for HARQ-ACK feedbacks and without any ambiguity on HARQ-ACK payload. If UE doesn’t keep the HARQ-ACK bit states for the previous scheduled PDSCHs, then these bits can be set to NACK.


[bookmark: _Ref528866286]Figure 5 HARQ-ACK codebook size = 16 bits
Proposal 5: For NR-U, besides semi-static and dynamic HARQ-ACK codebooks which are defined in Rel-15, HARQ-ACK codebook size based on the number of configured HARQ processes is also supported.
Alternatively, the HARQ-ACK codebook based on all configured HARQ processes could be used only when there is a need to combine multiple HARQ-ACK codebooks or HARQ-ACK feedbacks for multiple PDSCH groups, or there may be ambiguity between gNB and UE once legacy HARQ-ACK codebook would be used, in order to reduce overhead of HARQ-ACK feedbacks.
Proposal 6: HARQ-ACK codebook based on the number of configured HARQ processes can be used when there is a need to combine multiple HARQ-ACK codebooks or HARQ-ACK feedbacks for multiple PDSCH groups, or there may be ambiguity between gNB and UE once legacy HARQ-ACK codebook would be used.
2.3. Multi-TTI scheduling
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]In TR38.889 [3], there are some descriptions about multi-TTI scheduling for uplink data transmission as follows:
 (
Scheduling multiple TTIs for PUSCH each using a separate UL grant in the same PDCCH monitoring occasion is identified as beneficial. Scheduling multiple TTIs for PUSCH, i.e., scheduling multiple TBs with different HARQ process IDs over multiple slots, using a single UL grant, is identified as beneficial and should be supported in NR-U.
)
When scheduling multiple TTIs using a single UL grant, PDCCH overhead, as well as burden of blind detections for UE can be reduced naturally. Besides, when multiple TTIs scheduled are restricted to be consecutive in time domain, unnecessary LBT can be avoid. For both scheduling schemes, i.e., a single UL grant for multiple TTIs and a separate UL grant for each TTI, there could be fewer requirements for multiple switching points within a single COT because of less demand for PDCCH monitoring occasions, compared to regular scheduling with at most one UL grant for only one TTI.
Meanwhile, it may require more HARQ processes to schedule multiple TTIs using a single UL grant, especially with a SCS of 60 kHz, or when mini-slots are used, for both scheduling schemes above, compared to regular scheduling. These issues could be resolved with proper scheduling strategy in implementation or multiple switching points in a COT. For scheduling multiple TTIs using a single UL grant, scheduling flexibility in terms of controlling detailed parameters for each TTI individually could be reduced, compared to scheduling multiple TTIs each using a separate grant. In addition, new DCI format for scheduling multiple TTIs using a single UL grant is required, with DCI formats 0B/4B in eLAA can be considered as a starting point.
Proposal 7: Scheduling multiple consecutive TTIs using a single UL grant should be supported, and detailed design including new DCI format(s) is for further study.
When transmitting a TB rate-matched jointly across multiple TTIs, puncturing of data may be done based on where the LBT is successful, which can’t be anticipated by gNB accurately. Each part of the TB may be influenced differently resulting from the puncturing operation. As a result, the decoding performance could be unstable, and overall performance decreases significantly. At the same time, when a TB with large payload size shall be retransmitted, there would be a waste of time-frequency resources since some parts of the TB could be decoded correctly without retransmission if separate decoding for each part was done.
Proposal 8: The benefits from transmitting a TB rate-matched jointly across multiple TTIs shall be identified carefully.
Compared to rate-matching a single TB jointly across multiple TTIs analysed above, there is another option, which is transmitting several repetitions of a TB across multiple TTIs. Similar to slot aggregation in NR Rel-15, gNB schedules multiple TTIs using a single UL grant for a single TB corresponding to only one HARQ process. Once LBT succeeds, UE transmits repetitions of the single TB across these scheduled and available multiple TTIs. Unnecessary LBT can be avoided for these successive repetitions. At the same time, the reliability increases resulting from repetition transmission. Therefore, gains will be observed in terms of reliability and LBT. The details of design may be different from slot aggregation in NR Rel-15 in following aspects. If there are more available TTIs than the required number of repetitions, the redundant TTIs after transmitting all required repetitions can be released. Alternatively, more repetitions than required can be transmitted until all available TTIs are exhausted. When there are less available TTIs than the required number of repetitions, the transmission should stop immediately when all available TTIs are exhausted. 
Proposal 9: Transmitting repetitions of a TB by scheduling multiple TTIs using a single UL grant is supported.
2.4. CBG based HARQ and Scheduling
CBG-based HARQ-ACK feedback and scheduling is  introduced in NR Rel-15. The gain is observed mainly when the interference on each symbol varies significantly. Based on our system-level simulation results in [4], in NR-U deployments, the difference of interference level for each symbol during a single data transmission, which is limited within a slot, is not as significant as expected, thus the performance gain of CBG based HARQ and scheduling is not remarkable.
Observation 2: In NR-U, the interference level for each symbol within a slot varies slightly. 
3. Conclusion
In this contribution, we investigate HARQ-ACK operation for NR-U, and the proposals and observations made are summarized below:
[bookmark: _GoBack]Proposal 1: When enhancing normal DCI format scheduling PDSCH or introducing a new separate DCI format to trigger/request reports for missed or unreported HARQ-ACK feedbacks, the new DCI can be UE-specific or group-specific, and the limitation for numbers of BD/CE at UE side should be considered.
Proposal 2: Normal DCI format scheduling PDSCH can be used for request/trigger of HARQ-ACK feedbacks with specific configuration, i.e. resource assignment fields set as reserved values to indicate empty/invalid resource.
Proposal 3: In addition to trigger mechanism, reporting pending HARQ feedbacks by UE in following opportunities based on predefined rules can be considered as complementary solution.
Proposal 4: When reporting HARQ feedbacks in PUSCH with implicit request/trigger, 1 bit can be piggybacked to indicate the carried HARQ-ACK codebook type on PUSCH to avoid misunderstanding about the HARQ-ACK information between UE and gNB.
Observation 1: When using PDSCH-to-HARQ-timing-indicator in the DCI scheduling the PDSCH to indicate UE to feedback HARQ-ACK outside a COT, the UE may be indicated two LBT categories for a same PUCCH resource and how the UE handles such case needs to be considered.
Proposal 5: For NR-U, besides semi-static and dynamic HARQ-ACK codebooks which are defined in Rel-15, HARQ-ACK codebook size based on the number of configured HARQ processes is also supported.
Proposal 6: HARQ-ACK codebook based on the number of configured HARQ processes can be used when there is a need to combine multiple HARQ-ACK codebooks or HARQ-ACK feedbacks for multiple PDSCH groups, or there may be ambiguity between gNB and UE once legacy HARQ-ACK codebook would be used.
Proposal 7: Scheduling multiple consecutive TTIs using a single UL grant should be supported, and detailed design including new DCI format(s) is for further study.
Proposal 8: The benefits from transmitting a TB rate-matched jointly across multiple TTIs shall be identified carefully.
Proposal 9: Transmitting repetitions of a TB by scheduling multiple TTIs using a single UL grant is supported.
Observation 2: In NR-U, the interference level for each symbol within a slot varies slightly.
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