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In RAN Meeting #82, a new work item for NR-U was approved [1]. Included in the work item description are the following objectives for enhancements in HARQ operation:
	Objectives:
[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 past RAN1 meetings, the following agreements on HARQ-ACK transmission were agreed [2][3]: 
	Agreement:
· RRC parameter dl-DataToUL-ACK supports a value that can be signaled by PDSCH-to-HARQ-timing-indicator, which indicates that the UE needs to store the HARQ A/N feedback result for the corresponding PDSCH, and which does not provide any timing for the transmission of this HARQ A/N feedback result

Conclusion:
· No additional value of K1 signaled by PDSCH-to-HARQ-timing-indicator needs to be introduced for the purpose of requesting feedback outside the COT (i.e. Alt3 in TR38.889 section 7.2.1.3.3)
· Further discuss the details for determining the LBT type for the UE transmission of HARQ A/N feedback for this case
· Further discuss whether additional values need to be introduced for the purpose of requesting feedback inside the COT
· If additional values are introduced these can also be used for requesting feedback outside the COT
· Note: This does not necessitate that the UE needs to know whether the feedback is inside or outside the COT at the time when the feedback is requested

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)

Agreement:
Cross-carrier HARQ re-transmissions will not be discussed for NR-U in Rel-16.

Agreement:
Scheduling PUSCH over multiple slots/mini-slots by single DCI supports at least multiple continuous PUSCHs with separate TBs
· Each TB is mapped to at most one slot or one mini-slot


Agreement:
A non-numerical value is added to the possible range of PDSCH-to-HARQ-timing-indicator values defined in Rel-15, and is used to indicate to the UE that the HARQ-ACK feedback for the corresponding PDSCH is postponed until the timing and resource for the HARQ-ACK feedback is provided by the gNB.

Agreement:
Restrict further discussion on HARQ codebook to the following:
· For dynamic HARQ codebook:
· PDSCH grouping by explicitly signalling a group index in DCI scheduling the PDSCH
· gNB can request HARQ-ACK feedback in the same PUCCH for all PDSCHs in the same group
· Option 1: 
· One PUCCH can carry HARQ-ACK feedback for one or more PDSCH groups
· DCI can request HARQ-ACK feedback for one or more PDSCH groups 
· FFS one of the two options below
· C-DAI/T-DAI can be accumulated across multiple PDSCH groups for which feedback is requested in the same PUCCH
· C-DAI/T-DAI is accumulated only within one PDSCH group
· FFS: New ACK-Feedback Group Indicator for each PDSCH Group
· The number of HARQ-ACK bits for one PDSCH group is constant between a first HARQ-ACK feedback transmission and a HARQ-ACK feedback re-transmission, i.e. the PDSCH group cannot be enlarged after the first feedback transmission
· Option 2: 
· One PUCCH can carry HARQ-ACK feedback for a single PDSCH group
· FFS: Feedback for more than one PDSCH group
· DCI can request HARQ-ACK feedback for a single PDSCH group
· FFS: Requests for more than one PDSCH group
· C-DAI/T-DAI is accumulated within one PDSCH group
· A reset indicator signals new HARQ-ACK feedback for a PDSCH group
· The number of HARQ-ACK bits for one PDSCH group may not be constant between a first HARQ-ACK feedback transmission and a HARQ-ACK feedback re-transmission
· Semi-static codebook. Options FFS.
· If request/trigger for one-shot group HARQ ACK feedback for all configured HARQ processes is introduced (at least for non-CBG HARQ), select one or more of the following candidate schemes:
· The request is carried in a UE-specific DCI carrying a PUSCH grant
· The request is carried in a UE-specific DCI carrying a PDSCH assignment
· The request is carried in a UE-specific DCI not scheduling PDSCH nor PUSCH
· The request is carried in a UE-common DCI
· The request can be used for UE configured with dynamic or semi-static HARQ codebook
· Note: The discussion on preconfigured/pre-indicated multiple opportunities in frequency domain in different LBT subbands is a separate discussion




Based on the above progress, we provide more designs for the scheduling and HARQ:
· Self-COT HARQ-ACK feedback and Cross-COT HARQ-ACK feedback.
· Multiple opportunities for PUCCH in time & frequency domain
· Detailed design on HARQ-ACK codebook. 
· Design consideration for multi-TTI scheduling DCI.  
DL HARQ ACK feedback enhancement
Reliable and efficient HARQ-ACK feedback transmission becomes more of an important issue when it comes to standalone mode, which is not backed by licensed carrier. In the sequel, it is assumed that DL HARQ-ACK is transmitted over unlicensed spectrum, if PUCCH is supported on an unlicensed cell. One of the main problems of sending DL HARQ-ACK is the unpredictability of UL transmission opportunity in time due to LBT. To overcome this unpredictability and ensure feedback is safely received, we need to enhance the HARQ ACK codebook and transmission schemes.
Self-Contained COT HARQ-ACK Feedback
For the case that the HARQ feedback corresponding to the PDSCH of a channel occupancy is inside the same channel occupancy, the triggering can be based on Rel-15 NR PDSCH-to-HARQ-timing parameter with potential modifications, which was already agreed to be beneficial. In addition to what has already been agreed, it is also beneficial to address a solution for limiting the gap between the last DL transmission and the first UL transmission within the COT in order to have the gap size as short as to guarantee that Cat-1 or Cat-2 LBT is used. One method would be to fill the gap with DL signals, such as PDCCH/PDSCH for other UEs, or with pre-configured UL signals, such as CSI reporting or SRS. 
Proposal 1: For HARQ ACK feedback within a self-contained COT, it is beneficial to limit the gap between the last DL transmission and the following first UL transmission.
Another consideration that needs to be taken into account is the impact of LBT channel access on the K1 value indicated by the DCI. As of now, Rel-15 NR supports up to a value of 15 for K1 but taking into account the unlicensed band operation using a COT, whether K1 values in Rel-15 NR are sufficient or not for NR-U may need to be discussed. 
When accounting for a large amount of slots with 60 kHz SCS, i.e. up to 40 slots in 10ms COT, it may seem to be beneficial to support extending the supported values of K1. However, if multiple switching points is supported in NR-U, the more switching points introduced within a COT ensure more opportunities for HARQ-ACK feedback within a COT. Since PUCCH would not be constrained to the end of the COT, the Rel-15 NR K1 values could be enough to indicate a PUCCH opportunity within the COT. And also it was agreed to use undefined K1 value, which can be used for the case that larger K1 value is needed. For more details, in the last meeting, it was agreed that a non-numerical K1 value could be used so that the the timing and resource for the HARQ-ACK feedback is provided by a postponed DCI. The non-numerical K1 value was mainly discussed for cross-COT case but it could be also used for HARQ-ACK feedback within a COT especially for large SCS cases. That is, if the feedback delay between a PDSCH and corresponding PUCCH is larger than the maximum K1 value configured by RRC, the non-numerical K1 value could be used in the corresponding DCI. Therefore, it is not suggested to introduce larger K1 values compared to Rel-15 NR. Accordingly, there is no need to change number of bits for PDSCH-to-HARQ-timing-indicator in DCI.
For the generalization of the usage of non-numerical K1 value, if the feedback delay between a PDSCH and corresponding PUCCH doesn’t belong to the configured numerical K1 values by RRC, the non-numerical K1 value could be used along with other PDSCH where numerical K1 value is indicated. As shown in Figure 1, assuming K1=15, 6, 4 are configured by RRC, a non-numerical K1 could be used to scheduled D15 and D16 for which HARQ-ACK transmission could follow D5, D12 and D16. There are other PDSCHs that could be scheduled to the UE for HARQ-ACK feedback in the PUCCH while there is no proper K1 value configured for other positions. In this case, the non-numerical K1 value could be used by linking to other DCIs where numerical value of K1 is available.


Figure 1: non-contiguous configured values of K1
Proposal 2: No larger value of K1 is introduced and keep 3-bit field for PDSCH-to-HARQ-timing-indicator in DCI. 
Proposal 3: The non-numerical value of K1 is to indicate to the UE that the timing and resource for the HARQ-ACK feedback for the corresponding PDSCH is provided by another DCI.
· The DCI with non-numerical value of K1 can be either later or earlier than the other DCI with numerical value of K1
Cross-COT HARQ ACK Feedback
The HARQ-ACK for a PDSCH in a COT may have to be transmitted outside the same COT due to e.g. the restriction of UE processing time. In principle, the HARQ-ACK of the PDSCH could be transmitted together with HARQ-ACK of other PDSCHs that are scheduled later. This principle can be used between PDSCHs in different COTs for the transmission of HARQ-ACK of the PDSCH in the previous COT.
It was agreed that a non-numerical value of PDSCH-to-HARQ-ACK timing in a DCI actually does not provide any absolute time domain resource for the transmission of this HARQ-ACK feedback. For example, as shown in Figure 2, there is definite timing information for the HARQ feedback of the green PDSCHs in the first COT. However the three blue PDSCHs in the first COT are scheduled without valid PDSCH-to-HARQ-ACK timing, since the UE processing time is not sufficient for transmitting the HARQ-ACKs on the PUCCH resource U1. In this case, explicit triggering of the outstanding HARQ-ACKs can be needed in the next COT. The same group index (group 1) could be assigned to the PDSCHs in the previous COT (three blue PDSCHs) and some additional PDSCHs in the next COT (two blue PDSCHs). By this way, a UE could transmit the HARQ-ACK for all five PDSCHs in the same uplink resources, as shown in Figure 2. Details are discussed in section 2.3. 


[bookmark: _Ref534929351]Figure 2: HARQ-ACK codebook for PDSCH without valid PDSCH-to-HARQ-ACK timing
	
Proposal 4: For the PDSCH scheduling without numerical PDSCH-to-HARQ-ACK timing in a COT, the same group index is assigned as some following PDSCHs in the next COT, where numerical PDSCH-to-HARQ-ACK is available.
It is also possible that the PDSCH-to-HARQ-ACK timing field in a DCI indicates a certain timing which is out of the COT. In this case, the UE will try to acquire the COT at least for the transmission of HARQ-ACK in the timing indicated by the gNB. If the gNB can acquire a new COT before the UE acquires it, HARQ-ACK may be transmitted inside the new gNB-acquired COT if gNB shares it to UE for the uplink transmissions.
Proposal 5: UE attempts reporting of the HARQ-ACK at the indicated time if it is outside of the COT. If the COT is again acquired by the gNB, UE may also transmit the HARQ-ACK if the COT is shared by the gNB.
Multiple opportunities for PUCCH in time domain
Due to the LBT mechanism enforced by the regulation, we may need to consider the case that HARQ-ACK transmission fails due to LBT.  If a UE fails LBT for the transmission of HARQ-ACK, the UE may lose the chance to transmit the PUCCH carrying HARQ-ACK. On the other hand, even when the PUCCH carrying HARQ-ACK is transmitted by the UE, it is also possible the gNB may not be able to correctly decode the PUCCH possibly due to the unexpected interference at the gNB side. According the agreements given in section 1, gNB could trigger retransmission of HARQ-ACK if the HARQ-ACK is missed either by LBT failure or gNB detection error. Dynamic codebook is good at reduced payload size but may cause confusion on codebook size, e.g., if the last T-DAI is missed. On the contrary, semi-static codebook is robust in codebook size at the sacrifice of larger payload size. Both schemes could be supported in NR-U targeting different scenarios of HARQ-ACK transmission. 
Proposal 6: Both dynamic HARQ-ACK codebook and semi-static HARQ-ACK codebook are supported in NR-U. 
Dynamic HARQ-ACK Codebook 
In Rel-15 NR, dynamic codebook size determination is based on the C-DAI/T-DAI. If the number of slots where DCIs are not correctly detected by a UE is larger than what can be expressed using the available DAI bits, the UE could not figure out the missed burst of transmissions and misalignment on the HARQ-ACK codebook size between the gNB and the UE may occur. This has been a well-known issue since Rel-8 and 2-bit DAI had been chosen as a tradeoff between overhead and the ability to overcome missing DCIs both for LTE and NR. For NR-U, due to the unexpected interference from hidden nodes, burst error may happen for multiple consecutive PDSCHs compared to licensed operation. Increasing the size of the DAI could be beneficial from the perspective of erroneous situations. However, we need also consider the DCI overhead since two more bits (for C-DAI and T-DAI) are needed in DCI if one bit is increased for each DAI.
Proposal 7: Further study is needed whether increasing size of C-DAI/T-DAI is beneficial. 
According to the agreements made in the last meeting, two options for PDSCH grouping and related HARQ-ACK transmission schemes were identified for dynamic HARQ-ACK codebook. In the following part of this section, we first review the operation of each option, and then provide our analysis on the two options. 
Option 1: A group is defined to include all PDSCHs whose HARQ-ACKs are INITIALLY transmitted on the same PUCCH. Both current group index and information on previous group(s) are needed to form HARQ-ACK CB. [5][6][7]
One example behavior for option 1 is shown in Figure 3. In this figure, based on the PUCCH resource for initial HARQ-ACK transmission, there are 3 groups of PDSCHs those are allocated different group index 0, 1 and 2 respectively for green, blue and red PDSCHs. Let’s assume that HARQ-ACKs are transmitted on PUCCH U1 for PDSCH group 0 but failed to be correctly transmitted due to either LBT or detection failure. Then, the gNB could schedule the next PDSCH group (Group 1) and at the same time trigger HARQ-ACK retransmission for group 0 as well. For this operation, the DCI which is scheduling blue PDSCHs needs to indicate both current group 1 and previous group 0. Then, from a UE side, HARQ-ACK for both group 0 & 1 need to be transmitted in U2. If we also assume that U2 fails again, then the gNB can again trigger the HARQ-ACK (re)transmission of group 0 and group 1 along with the allocation of PUCCH for group 2 using the same PUCCH resource in U3. In this option, information of multiple groups needs to be indicated in a DCI if retransmission of previous HARQ-ACKs are required. If HARQ-ACK retransmission for previous groups is not needed, the DCI can only indicate a single group, i.e. the current group for HARQ-ACK transmission. 


Figure 3: ‘Group’ defined as all PDSCHs who’s HARQ-ACK are initially transmitted on the same PUCCH

Option 2: A group is defined to include all PDSCHs whose HARQ-ACK are transmitted or retransmitted on the same PUCCH. 1-bit HARQ-ACK reset indicator is used to form HARQ-ACK CB. [8][9][10][11]
One example behavior for option 2 is shown in Figure 4. As shown in Figure 4, if an error occurs for HARQ-ACK feedbacks in both U1 and U2, all 6 PDSCHs are bundled within the same group with group index 0. In the beginning, group 0 only includes the first 2 PDSCHs and the 2 HARQ-ACKs are transmitted in U1. If the HARQ-ACK feedback is failed in U1, the gNB could schedule 2 more PDSCHs with the same group (group 0). Consequently, the group 0 can have 4 PDSCHs and the 4 HARQ-ACKs need to be transmitted in U2. In U2, HARQ-ACKs of the first two PDSCHs are retransmitted and HARQ-ACKs of the remaining two PDSCH are initially transmitted together. If we also assume that U2 fails again, then the gNB could schedule 2 more PDSCHs with the same group so that group 0 will include 6 PDSCHs and the 6 HARQ-ACKs need to be transmitted in U3. However, it does not necessarily mean that all previous HARQ-ACKs of the same group always need to be transmitted. By utilizing the value of the reset indicator, the current HARQ-ACKs can be determined. That is, HARQ-ACKs for all PDSCHs with the same reset indicator (not toggled) are transmitted using the current PUCCH. 


Figure 4: ‘Group’ defined as all PDSCHs who’s HARQ-ACK are (re)transmitted on the same PUCCH

For option 1, multiple group indexes may need to be assigned to consecutive PDSCHs if the processing time for generation of HARQ-ACK is not sufficient for the last part of the PDSCHs. As shown in Figure 5, HARQ-ACK for the blue PDSCH has to be reported on U2 while HARQ-ACK for the green PDSCH is reported on U1. In this timeline, the gNB doesn’t know whether U1 is correctly received or not when scheduling for blue PDSCH is performed. Therefore, the gNB may assign a different group index for the blue PDSCH. If the same group index is assigned both for green and blue PDSCHs, then HARQ-ACKs for green PDSCHs can be duplicated both in U1 and U2. C-DAIs in each group have to start from value 1 if the HARQ-ACK is reported in separate PUCCHs. A consequence of independent C-DAI for two groups is that it is vulnerable to an error case to retransmit HARQ-ACK of the two groups together in the same PUCCH. 


Figure 5: Analysis on Option 1

Depending on information signaled in a DCI for indication of the HARQ-ACK codebook, Option 1 can be further categorized as two sub-options 
· Option 1-1: current group index and number of groups are indicated in a DCI
· Option 1-2: current group index and one additional previous group index are indicated in a DCI
In Option 1-1, the reported groups in a PUCCH should be consecutive to each other. If consecutive group indexes are assigned to green PDSCH and blue PDSCH in Figure 5, the gNB cannot trigger HARQ-ACK retransmission of green PDSCH before the correct reception of HARQ-ACK for blue PDSCHs. Therefore, as shown in Figure 5, discontinuous group index 0 & 2 are intentionally assigned to green PDSCHs and blue PDSCH respectively. Assuming U1 is not correctly received, gNB could schedule a grey PDSCH with group index 1 and indicates HARQ-ACK retransmission of group 0. However, if U3 fails again, there is no way for further HARQ-ACK retransmissions before the successful transmission of HARQ-ACK of blue PDSCH which uses group 2. Further, if U4 carrying HARQ-ACK feedback of group 2 & 3 is also failed, there is no available group index for additional data scheduling and also for the retransmission of previous groups. Dropping HARQ-ACK is the only choice which contradicts with intention of enhancement of HARQ-ACK transmission in NR-U. In a summary, with Option 1-1 as shown in Figure 5, it could happen that at most one retransmission is supported for group 0 and 2, while no retransmission is supported for group 1 and 3 at all. 
On the contrary, Option 1-2 has less limitation on the assignment of group index compared to Option 1-1. For example, if Option 1-2 is used in the case of Figure 5, it is possible to use consecutive group indexing. However, Option 1-2 is not robust in case of missing PDCCH, which is actually a more critical drawback. 
As shown in Figure 6, let’s assume PDSCH group 0 includes two PDSCHs and the HARQ-ACKs are transmitted on PUCCH U1 and failed. The gNB could schedule PDSCH group 1 and trigger HARQ-ACK retransmission of group 0, therefore HARQ-ACK for group 0 & 1 are transmitted in U2. Assuming U2 fails again, gNB has to transmit two more groups of PDSCH to retransmit HARQ-ACK of group 0 & 1 separately. C-DAI of PDSCH in group 2 will have a value 3 which indicates HARQ-ACK of three PDSCHs of group 0 & 2 are to be reported in U3, which is the correct operation. However, to feedback HARQ-ACK of group 1 & 3 in U4, C-DAI of PDSCH in group 3 has to be value 6 (2 after modulo 4) for C-DAI continuation. The sequence of C-DAI for PDSCHs in group 1 & 3 are 3, 4, 5, 6. UE has to report 6 HARQ-ACK instead of exactly scheduled number of PDSCHs that is 4 which cause extra overhead. Particularly, if UE misses the first two PDSCHs with C-DAI = 3 & 4, UE will generate a wrong HARQ-ACK CB of size 2 in U4. As a result, HARQ-ACK information is completely lost and cannot be recovered.  


Figure 6: Error case analysis on Option 1-2
Observation 1: Option 1 of group definition has the following drawbacks
· Maximum 3 retransmissions of a HARQ-ACK group are allowed even assuming the ideal case;
· Considering gNB/UE processing time, for a HARQ-ACK group, at most one HARQ-ACK retransmission is supported or no HARQ-ACK retransmission is supported at all;
· There is error case if previous group index (Option 1-2) instead of number of groups (Option 1-1) is indicated in a DCI. 
Option 2 can solve above mentioned drawbacks of Option 1. To account for gNB/UE processing time, multiple groups of PDSCHs can be also used. Different groups mean that HARQ-ACK for different groups of PDSCHs could be transmitted independently. The use of the reset indicator can control whether the previous HARQ-ACK needs to be transmitted again for the same group or not by toggling or un-toggling it. If we assume the same PDSCH/PUCCH allocation as in Figure 5, where 4 different groups are required with option 1, only two groups of PDSCHs could be used with option 2 as shown in Figure 7. All green PDSCHs are assigned with group index 0 and all blue PDSCHs have group index 1. 
If we see the group 0 as example, PUCCH U1 is used to carry HARQ-ACK of the first 2 green PDSCHs but let’s assume the HARQ-ACK transmission is failed for this group 0. Then the gNB could schedule the third green PDSCH with the same group index but with the reset indicator not toggled. UE understands that the HARQ-ACK feedback for the previous PDSCHs of group 0 needs to be transmitted again with the new PDSCH with group 0 and reports HARQ-ACK for the first 3 green PDSCHs of group 0 on U3. On the other hand, as discussed above, Option 1 may not able to support sufficient number of HARQ-ACK retransmissions in some cases. However, option 2 does not have the limitation on number of HARQ-ACK retransmissions. As shown in Figure 7, if U1, U2, and U3 all failed for transmissions, the gNB could further schedule the fourth green PDSCH of group 0 with the reset indicator not toggled. Correspondingly, UE can report HARQ-ACK for the first 4 green PDSCHs of group 0 using U5. In fact, the possible number of HARQ-ACK retransmissions of a group is not limited if the gNB just triggers HARQ-ACK transmission using the same group index with the same reset indicator (not toggled).


Figure 7: Multiple-group operation of Option 2

In Option 2, C-DAI/T-DAI are counted over all PDSCHs per group with the same reset indicator value and the reset of C-DAI/T-DAI is explicitly controlled by toggling the reset indicator, as shown in Figure 7. Correspondingly, the HARQ-ACK codebook always include HARQ-ACKs for all PDSCHs of the group with the same reset indicator (not toggled). Therefore, Option 2 is robust to the missing PDCCHs (up to 3 consecutive PDCCHs), which achieves the same DAI capability as in LTE or Rel-15 NR.
As to group 1 in Figure 7, assuming HARQ-ACK transmission on U4 is correctly received by the gNB, the gNB could indicate a toggled reset indicator in new DCI(s) scheduling PDSCH(s) of group 1. In this case, the UE can only report HARQ-ACK for the new blue PDSCH(s) in PUCCH U5 by interpreting the reset indicator is toggled. In this case, C-DAI/T-DAI are reset only for the new blue PDSCH(s) with toggled RI.
Observation 2: Option 2 can solve all issues in Option 1
· Unlimited number of HARQ-ACK retransmission for a group of PDSCHs;
· Robust to missing up to 3 consecutive PDCCHs (same capability in missing PDCCHs as LTE and NR). 
Another aspect to be considered is DCI overhead. In Option 1, assuming 2 bits are used to indicate current group index (up to 4 groups) and another 2 bits are used to indicate either a previous group index or the number of groups, the total overhead is 4 bit in a DCI. However, in Option 2, assuming 1 or 2 bits can be used to indicate a set index and additional 1 bit is used for the reset indicator, the overhead is only 2 or 3 bits in DCI. 
Observation 3: Option 2 of group definition needs less number of bits in DCI. 
Proposal 8: Adopt Option 2 for the design of dynamic HARQ-ACK codebook, i.e. 
· Group index of PDSCHs and 1-bit HARQ-ACK reset indicator in a DCI is used to manage (re)transmission of HARQ-ACK; 
· C-DAI/T-DAI should count all PDSCHs in a group if HARQ-ACK reset indicator is not toggled.  
Semi-static HARQ-ACK Codebook 
For semi-static HARQ-ACK codebook, two directions could be considered: 
Option 1: To form the HARQ-ACK codebook base on configured PDSCH-to-HARQ-ACK timings as in Rel-15
In this option, as shown in Figure 2, we need to consider the PDSCH that is scheduled without valid PDSCH-to-HARQ-ACK timing. For accommodating the PDSCHs of the previous COT, additional bits may need to be reserved and appended to the HARQ-ACK codebook. Further, the codebook size becomes even larger if HARQ-ACK retransmission is considered. 
Option 2: To form the HARQ-ACK codebook based on a group of HARQ processes
This option gives sufficient room for the HARQ-ACK regardless of PDSCH-to-HARQ-ACK timings. The configured HARQ processes could be divided into several groups, so that HARQ-ACK for only one group is reported in a PUCCH. This is a way to reduce overhead of HARQ-ACK feedback with sacrifice of gNB scheduling flexibility. For a HARQ process, there exists at least 4 cases, 
Case 1): UE already sent its HARQ-ACK and gNB correctly received the HARQ-ACK;
Case 2): UE sents its HARQ-ACK, but gNB fails to receive this HARQ-ACK;
Case 3): UE fails to pass LBT, hence it cannot transmit PUCCH carrying the HARQ-ACK;
Case 4): UE misses DCI with a toggled NDI, hence UE never transmits a PUCCH indicated by the DCI since UE doesn’t know there is a new PDSCH scheduled by gNB. 

To enable actual HARQ-ACK retransmission for Case 2), one potential issue is that, for a HARQ process, UE may report ACK for the 2nd last PDSCH even if the UE misses PDCCH scheduling the last PDSCH, i.e. the above case 4) happens. That is, the gNB can consider the reported ACK as the information for the last PDSCH and it will not retransmit the last PDSCH anymore. The HARQ-ACK reset indicator proposed in section 3.5 can also be applicable to solve the error case here. In detail, a DCI scheduling a PDSCH includes a 1-bit HARQ-ACK reset indicator, which indicates whether HARQ-ACK for a previous PDSCH needs to be reported in current PUCCH. If the reset indicator is toggled, NACK/DTX is reported for a HARQ process without a new PDSCH. Otherwise, the UE reports the actual HARQ-ACK for a HARQ process.
Proposal 9: For semi-static HARQ-ACK codebook, following options can be further considered
· Codebook size is based on PDSCH-to-HARQ-ACK timings, while additional reserved bits are added to the codebook for PDSCHs without valid PDSCH-to-HARQ-ACK timings
· Codebook size is based on a group of HARQ processes. 
Proposal 10: For semi-static HARQ-ACK codebook based on a group of HARQ processes, 1-bit HARQ-ACK reset indicator is included in DCI. 
· If the reset indicator is toggled, NACK/DTX is reported for a HARQ process without a new PDSCH. Otherwise, the UE reports the actual HARQ-ACK for a HARQ process
Fallback one-shot HARQ-ACK transmission 
From the agreement in the last meeting, one open issue is whether/how to support fallback one-shot HARQ-ACK transmissions. Multiple options to trigger one-shot HARQ-ACK transmissions were listed up as given in Section 1 and further down-selection is needed. 
As discussed in section 2.3.1 and 2.3.2, some new parameters are introduced in a DCI scheduling PDSCH for the HARQ-ACK feedback. If fallback one-shot HARQ-ACK transmission is also supported by the DCI scheduling PDSCH, DCI overhead becomes quite large in order to indicate multiple HARQ processes.  Larger DCI overhead is not desirable for the fall back operation of the HARQ ACK triggering. 
A rule of UCI piggyback on PUSCH was adopted since LTE Rel-8 and same principle is reused in NR Rel-15. That is, UCI is piggybacked on a PUSCH when the PUCCH is overlapped with the PUSCH. We believe such a procedure is also applicable to NR-U and should cover most/all scenarios. On the other hand, if a UL grant triggering one-shot HARQ-ACK transmission is supported, additional bits indicating the triggered group indexes or reset indicators need to be included in UL grant. . It is not justified for more bit overhead in all DCI scheduling PUSCH. 
Observation 4: It is not justified for triggering fallback one-shot HARQ-ACK feedback by  
· UE-specific DCI carrying a PUSCH grant
· UE-specific DCI carrying a PDSCH assignment
On the other hand, triggering HARQ-ACK transmission with a dedicated DCI not scheduling PDSCH nor PUSCH could be considered. It is possible that a gNB does not have any DL data to be scheduled to a UE while the UE still has pending HARQ feedback. In this case, a downlink scheduling DCI cannot be used for triggering the pending HARQ feedback. If the UE has to wait for another DCI scheduling new DL transmission in order to transmit the HARQ-ACK feedback that is pending, it may result in a significant delay for reporting the feedback to the gNB. In order to address this case, the gNB may trigger the HARQ feedback only using a dedicated triggering DCI for allocating resources for the pending HARQ-ACK feedback without data scheduling. Figure 8 demonstrates this scenario, where the feedback for the second group of HARQ-ACK feedback is not indicated with a K1 value. Since no new PDSCH needs to be scheduled, gNB could send a dedicated trigger to trigger the HARQ-ACK feedback. 


Figure 8: Pending HARQ-ACK feedback from previous COT without indication of PUCCH resource in following COT without DL data scheduled.

For the fallback one-short HARQ-ACK feedback, one more issue is how to design the codebook. A semi-static codebook for all HARQ-ACK processes was proposed in the last meeting, which well fits semi-static HARQ-ACK codebook in non-fallback case. However, it is questionable how to design fallback operation for the dynamic codebook. At least two options can be considered for the fall back HARQ-ACK feedback as shown below. 
Option 1: Fallback HARQ-ACK codebook includes the HARQ-ACK bits for multiple/all groups of PDSCHs. In this option, the fallback codebook size is still dynamic based on the number of scheduled PDSCHs in the multiple/all groups. Therefore, it has the benefit to minimize overhead on PUCCH. 
Option 2: Fallback HARQ-ACK codebook includes HARQ-ACK bits for all HARQ processes. A fixed codebook size is achieved. However, the UL HARQ-ACK overhead cannot be optimized since unnecessary HARQ-ACK feedback can be also required to be included in the HARQ-ACK codebook. 
Proposal 11: Fallback one shot HARQ-ACK feedback could be triggered by 
· UE-specific DCI not scheduling PDSCH nor PUSCH
Proposal 12: If dynamic HARQ-ACK codebook is configured by RRC, further study on the two options for fallback one-shot HARQ-ACK feedback
· Option 1: Fallback HARQ-ACK codebook includes the HARQ-ACK bits for multiple/all groups of PDSCHs. 
· Option 2: Fallback HARQ-ACK codebook includes HARQ-ACK bits for all HARQ processes.
Multiple opportunities for PUCCH in frequency domain
There is a proposal to support multiple PUCCH resources in frequency domain. That is, if LBT fails on an LBT bandwidth, the UE could still transmit a PUCCH on the other LBT bandwidth where LBT is successful. In the proposal, the multiple PUCCH resources could be configured over an UL BWP which is larger than 20MHz, or the multiple PUCCH resources could be also configured over multiple uplink carriers. A clear drawback of the proposal is that multiple PUCCH resource are allocated to a UE while only one of them are actually used by UE. Therefore, it is not resource efficient. On the other hand, it increases UE complexity since UE needs to try multiple LBT to decide the PUCCH resource. It also increase gNB blind detections. 
Proposal 13: Multiple opportunities for PUCCH in frequency domain is not supported in NR-U. 
Multi-TTI scheduling 
Figure 9 below illustrates an example of multi-TTI scheduling. To begin with, certain restrictions on multi-TTI scheduling can be considered to simplify the design while achieving the most benefit out of it. In the previous meeting, it was agreed to support scheduling PUSCH over multiple TTIs for multiple continuous PUSCHs, at least. By doing so, the signalling on the set of scheduled TTI could be simply done via the number of scheduled TTIs. If scheduling non-consecutive TTIs is supported, a UE has to do multiple LBT to complete the multi-TTI PUSCH, which increase the probability that part of the PUSCH cannot be transmitted. Further, if the multiple TTIs could reside in non-consecutive slots, it may require a bitmap based signalling, which incurs more signalling overhead while the benefit is unclear.
[image: ]
[bookmark: _Ref534929292]Figure 9. An example of multi-TTI scheduling

Proposal 14: Scheduling PUSCH over multiple slots/mini-slots by a single DCI does not support multiple PUSCHs which are discontinuous to each other in time. 
Additionally, the mapping of TBs to PUSCH was discussed and agreed that each TB is mapped to at most one slot or mini-slot. In Rel-15 NR, the repetition of the same TB for multiple slots/mini-slots is supported.
Proposal 15: Repetition of the same TB for multiple slots/mini-slots is supported for NR-U as in Rel-15 NR.
Regarding the DCI design, the following aspects could be considered:
· DCI design can be made more efficient by avoiding duplicate signalling for information that can be commonly applicable to multiple scheduled TTIs. Such information includes CIF, BWP indicator, frequency/time domain RA, MCS, VRB-to-PRB mapping, frequency hopping flag, MIMO related parameters such as precoding information, number of layers, and antenna ports. Some of these information would not be needed to be signalled if resource allocation type 1 is not used for NR-unlicensed. Meanwhile, given that CBG transmission information (CBGTI) is not always the same among multiple TTIs, how to define CBGTI in multi-TTI scheduling has to consider the trade- off between DCI overhead and HARQ performance.
· There are parameters that need to be applied only once over consecutively scheduled slots, and, thus, no need to be signalled multiple times including TPC, SRS request, CSI request, DMRS sequence initialization, and LBT related parameters such as the LBT type and priority class. There are also parameters that can be signalled only for the first TTI, and the parameters for the following TTIs are derived according to some pre-defined rule. For instance the HARQ process ID for the first TTI is signalled and the HARQ process ID for the following TTIs can be chosen in a successive manner.
· Some information need to be separately signalled for multiple TTIs such as NDI, RV. Some other information need to be revisited, if needed, for unlicensed use case such as UL/SUL indicator.
In LTE LAA, four DCI formats are defined, i.e. DCI format 0A, 0B, 4A, 4B. It is up to RRC configuration which one or multiple DCI formats are actually monitored by a UE. However, in NR-U it is desirable to limit number of DCI formats unless significantly required. DCI 0_0 is mainly for fallback and robustness, hence it is not necessarily extended for multi-TTI scheduling unless a good motivation identified. For DCI 0_1, two options can be considered, 
Option 1: Define two DCI formats 0_1A and 0_1B which supports single-TTI scheduling and multi-TTI scheduling respectively. 
Option 2: Define one new DCI format 0_1C which supports dynamic switching between single-TTI scheduling and multi-TTI scheduling. 
Proposal 16: For multi-TTI scheduling,
· In order to reduce overhead, the DCI design for multi-TTI scheduling should avoid duplicated signaling that can be commonly applicable to the set of scheduled TTIs. 
· It is preferred to limit the number of DCI formats introduced for NR-U. 
Conclusion
In this contribution, we discussed the potential enhancements to HARQ procedure to support operating on unlicensed spectrum, and we derived the following proposals and observations:
Observation 1: Option 1 of group definition has the following drawbacks
· Maximum 3 retransmission of a HARQ-ACK group are allowed even assuming the ideal case;
· Considering gNB/UE processing time, for a HARQ-ACK group, at most one HARQ-ACK retransmission is supported or no HARQ-ACK retransmission is supported at all;
· There is error case if previous group index (Option 1-2) instead of number of groups (Option 1-1) is indicated in a DCI. 
Observation 2: Option 2 can solve all issues in Option 1
· Unlimited number of HARQ-ACK retransmission for a group of PDSCHs;
· Robust to missing up to 3 consecutive PDCCHs (same capability in missing PDCCHs as LTE and NR). 
Observation 3: Option 2 of group definition needs less number of bits in DCI. 
Observation 4: It is not justified for triggering fallback one-shot HARQ-ACK feedback by  
· UE-specific DCI carrying a PUSCH grant
· UE-specific DCI carrying a PDSCH assignment
Proposal 1: For HARQ ACK feedback within a self-contained COT, it is beneficial to limit the gap between the last DL transmission and the following first UL transmission.
Proposal 2: No larger value of K1 is introduced and keep 3-bit field for PDSCH-to-HARQ-timing-indicator in DCI. 
Proposal 3: The non-numerical value of K1 is to indicate to the UE that the timing and resource for the HARQ-ACK feedback for the corresponding PDSCH is provided by another DCI.
· The DCI with non-numerical value of K1 can be either later or earlier than the other DCI with numerical value of K1
Proposal 4: For the PDSCH scheduling without numerical PDSCH-to-HARQ-ACK timing in a COT, the same group index is assigned as some following PDSCHs in the next COT, where numerical PDSCH-to-HARQ-ACK is available.
Proposal 5: UE attempts reporting of the HARQ-ACK at the indicated time if it is outside of the COT. If the COT is again acquired by the gNB, UE may also transmit the HARQ-ACK if the COT is shared by the gNB.
Proposal 6: Both dynamic HARQ-ACK codebook and semi-static HARQ-ACK codebook are supported in NR-U. 
Proposal 7: Further study is needed whether increasing size of C-DAI/T-DAI is beneficial. 
Proposal 8: Adopt Option 2 for the design of dynamic HARQ-ACK codebook, i.e. 
· Group index of PDSCHs and 1-bit HARQ-ACK reset indicator in a DCI is used to manage (re)transmission of HARQ-ACK; 
· C-DAI/T-DAI should count all PDSCHs in a group if HARQ-ACK reset indicator is not toggled.  
Proposal 9: For semi-static HARQ-ACK codebook, following options can be further considered
· Codebook size is based on PDSCH-to-HARQ-ACK timings, while additional reserved bits are added to the codebook for PDSCHs without valid PDSCH-to-HARQ-ACK timings
· Codebook size is based on a group of HARQ processes. 
Proposal 10: For semi-static HARQ-ACK codebook based on a group of HARQ processes, 1-bit HARQ-ACK reset indicator is included in DCI. 
· If the reset indicator is toggled, NACK/DTX is reported for a HARQ process without a new PDSCH. Otherwise, the UE reports the actual HARQ-ACK for a HARQ process
Proposal 11: Fallback one shot HARQ-ACK feedback could be triggered by 
· UE-specific DCI not scheduling PDSCH nor PUSCH
Proposal 12: If dynamic HARQ-ACK codebook is configured by RRC, further study on the two options for fallback one-shot HARQ-ACK feedback
· Option 1: Fallback HARQ-ACK codebook includes the HARQ-ACK bits for multiple/all groups of PDSCHs. 
· Option 2: Fallback HARQ-ACK codebook includes HARQ-ACK bits for all HARQ processes.
Proposal 13: Multiple opportunities for PUCCH in frequency domain is not supported in NR-U. 
Proposal 14: Scheduling PUSCH over multiple slots/mini-slots by a single DCI does not support multiple PUSCHs which are discontinuous to each other in time. 
Proposal 15: Repetition of the same TB for multiple slots/mini-slots is supported for NR-U as in Rel-15 NR.
Proposal 16: For multi-TTI scheduling,
· In order to reduce overhead, the DCI design for multi-TTI scheduling should avoid duplicated signaling that can be commonly applicable to the set of scheduled TTIs. 
· It is preferred to limit the number of DCI formats introduced for NR-U. 
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