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The key aspects of the HARQ procedures are the HARQ-ACK feedback and the HARQ retransmissions. In NR-U CA/DC/SA deployment scenarios targeted in Rel-16 SI [1], the UE may not be able to gain access to the resources on an unlicensed CC to feed back HARQ ACK/NCK due to LBT failure. Also, an UL or DL HARQ retransmission may not occur for several subframes as a result of LBT failure or may be transmitted but not received due to persistent collisions with transmissions of hidden nodes. 
Based on the agreements in the last RAN1 meeting [2], in this paper we discuss HARQ enhancements in NR-U through enhanced DL HARQ feedback mechanisms providing multiple HARQ feedback opportunities in both time and frequency domains. In addition, we discuss resilient retransmission mechanisms that facilitate cross-carrier HARQ retransmissions for both UL and DL in NR-U. This is a revision of R1-1805918.
[bookmark: _Ref129681832]Multiple HARQ-ACK feedback Opportunities for DL 
DL HARQ-ACK feedback is part of the uplink control information (UCI). DL HARQ-ACK could be transmitted via PUCCH or multiplexed with data via PUSCH. Unlike LAA, wherein HARQ-ACK is fed back via the primary cell in the licensed band, HARQ-ACK feedback may be transmitted in unlicensed CCs and thus is subject to the result of LBT as well as possible interference from hidden nodes. Following both the LBT and MCOT regulatory requirements, the UE is required to perform a CAT4 LBT if the PUCCH transmission is outside the gNB-acquired MCOT and a CAT2 LBT if the PUCCH transmission is within the gNB-acquired MCOT with a gap longer than 16 μs. LBT failure however renders the UE unable to report the required HARQ feedback in a timely manner. 
Therefore, reliable LBT-resilient mechanisms are required for the resource allocation of PUCCH and the transmission of HARQ feedback in the unlicensed spectrum. This can be achieved through the gNB scheduling multiple/supplemental resources for transmission of the PUCCH carrying the HARQ feedback in either the time domain or the frequency domain.
 Multiple HARQ feedback opportunities in the time domain 
The PUCCH time resource is provided by the PDSCH-to-HARQ-timing-indicator field in the DCI, which provides the PUCCH slot index. There is a one-to-one mapping between the value of the PDSCH-to-HARQ-timing-indicator and the slot index. The slot indices are either pre-defined (e.g., for DCI format 1_0) or are RRC configured (e.g., DCI format 1_1). For a slot which has been determined by the PDSCH-to-HARQ-timing-indicator, the UE transmits HARQ-ACK bits (on PUCCH or PUSCH). The slots for the associated HARQ-ACK bits are given either by determining a set of slots for PDSCH receptions (for semi-static HARQ-ACK codebook) or by determining a set of PDCCH monitoring occasions and using DAI values (both counter-DAI and total-DAI for dynamic HARQ-ACK codebook). 
If the PUCCH is subject to LBT, the UE cannot transmit the PUCCH upon a LBT failure. For PUCCH reception, the following assumptions apply:
· The gNB should perform PUCCH DTX detection[footnoteRef:1] and is expected to determine whether the PUCCH was received. [1:  There are stringent performance requirements on DTX-to-ACK on PUCCH, however, it should not be assumed that gNB is performing PUSCH DTX detection as there is no similar requirement on PUSCH.] 

· The gNB may not be able to discriminate between whether no PUCCH reception is due to LBT failure or due to complete DTX (i.e., all PDCCHs were missed). 

Complete DTX would incur retransmission of all PDSCHs and should be avoided, while LBT failure could be alleviated by allowing the UE to make another transmission attempt of the PUCCH. Therefore, multiple opportunities for HARQ-ACK feedback should be supported in NR-U, and two options could be considered as follows:
· Option 1: The PDSCH-to-HARQ-timing-indicator can provide a set of slots in which the PUCCH can be transmitted. The UE would choose the first slot if LBT succeeds but if LBT fails, proceed to the next slot (possibly with new LBT and it may not need to be consecutive to the first slot) etc., until all indicated slots have been exhausted. When the PUCCH has been received in a slot, the remaining slots could be utilized dynamically by the gNB for other signals/channels.  The associated PDSCHs could be determined as normally done for the indicated slot containing the PUCCH. Figure 1 shows an example with a semi-static HARQ-ACK codebook, where the PDSCH-to-HARQ-ACK-timing-indicator provides two slots and since the LBT fails for slot n+m+K1, the PUCCH is (after successful LBT) transmitted in slot n+m+K1+x, containing the HARQ-ACKs for PDSCH in slot n+K0+1 and n+K0+2.
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Figure 1: Example of option 1.
· Option 2: Only one occasion for PUCCH transmission is indicated in each PDCCH as normally done in NR, however supplementary transmission of UCI could be scheduled together with the following UCI when the corresponding HARQ processes are still valid. As shown in Figure 2, PUCCH slot n+k contains the HARQ-ACKs for PDSCH in slot n and n+1. If LBT succeeds for slot n+k, the next available PUCCH slot n+m+x will only contain the HARQ-ACKs for PDSCH in slot n+m. However, if LBT fails for slot n+k, the failed HARQ-ACK feedback could be scheduled in the next available opportunity, and slot n+m+x will contain the HARQ-ACKs for PDSCH in slot n, n+1 and n+m.
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Figure 2: Example of option 2.
Proposal 1: Multiple opportunities in time domain for HARQ-ACK feedback of one HARQ process should be supported in NR-U, and the following two options should be further studied.
· The PDSCH-to-HARQ-timing-indicator can provide a set of slots in which the PUCCH can be transmitted.
· One slot for PUCCH transmission is indicated in each PDCCH, and supplementary transmission of UCI could be scheduled together with the following UCI.
For the HARQ codebook design, besides the multiple TBs, TTIs, carriers, and CBGs, multiple opportunities for HARQ-ACK feedback should also be taken into account. It has been agreed that both semi-static and dynamic HARQ-ACK codebook are supported for NR. For NR-U, semi-static and dynamic HARQ-ACK codebook could also be two potential solutions. For semi-static one, due to potential supplementary transmission of HARQ-ACK, the number of HARQ processes should also be considered when determining the HARQ codebook size. For example, by using bit-map based codebook, if a UE needs to feedback HARQ-ACK bits for PDSCHs received within 4 slots across 8 carriers, and assume the max number of HARQ processes is 16, then the semi-static HARQ-ACK codebook size will amount to 128. Furthermore, if the CBG based retransmission is supported, and assume the max CBG number for each TB is 4, then the HARQ-ACK codebook size will be 512, which is a huge burden for UL control channel. 
By contrast, dynamic HARQ codebook has a benefit of significant overhead reduction because only the actual scheduled PDSCHs need to be acknowledged. To avoid the ambiguity between UE and gNB when determining the number of bits of HARQ-ACK information, the existing DAI mechanism can be considered as a starting point for dynamic HARQ-ACK codebook determination. This includes 2-bit fields for each of counter-DAI and total-DAI and the counters apply modulo-4 wrap-around. Thus the counter-DAI could detect all missing PDCCH patterns except those of 4, 8, 12, … consecutively missed PDCCHs[footnoteRef:2] and except the case where the last PDCCH in a monitoring occasion is missed. The total-DAI helps detecting the case where the last PDCCH in a monitoring occasion is missed but will not help if all PDCCHs are missed in the last monitoring occasion. [2:  The UE may detect that there are PDCCH mis-detection errors if 5, 6, 7, 9, 10, 11, 13, … consecutive PDCCHs are missed but may not determine how many are missed. ] 

To enable transmitting pending A/N after LBT due to LBT failure, enhancement on top of current DAI mechanism should be supported. Since HARQ-ACK feedback for PDSCH in different slots may be indicated in same PUCCH, where the set of slots could be called as a feedback window, there should be a one-to-one mapping between the feedback window and PUCCH. However, if UE cannot transmit the PUCCH due to LBT failure, or gNB cannot decode the feedback correctly, then the HARQ-ACK bits for the associated feedback window should be retransmitted in the next opportunity as shown in Figure 2. It is necessary for gNB to indicate to the UE the accumulated number of windows for which the associated HARQ-ACK feedback should be (re)transmitted, otherwise, it is difficult for UE to determine the total number of HARQ-ACK bits in each transmission. Therefore, enhanced DAI mechanisms should be considered to indicate HARQ feedback of PDSCH(s) including the accumulated unacknowledged PDSCH(s) due to LBT failure. 
Proposal 2: Dynamic HARQ-ACK codebook should be supported and enhanced DAI mechanisms should be considered to indicate HARQ feedback of PDSCH(s) including the accumulated unacknowledged PDSCH(s) due to LBT failure. 
Multiple HARQ feedback opportunities in the frequency domain
In some cases the HARQ feedback transmission may be delayed due to a busy channel or lost due to persistent collisions with the transmissions of hidden nodes on that channel despite the LBT success. Exploiting the frequency domain diversity in this mechanism potentially avoids the latency/loss of HARQ feedback.
As discussed in details in our companion contribution [3], for the wideband operation of NR-U, the UE can be configured to operate on one or more wideband carriers each, for instance, comprising multiple 20 MHz unlicensed channels. Since the LBT procedure is meant to check the availability of individual unlicensed channels (subbands), it is intuitive for each PUCCH resource to be confined within the unlicensed channel bandwidth, i.e., 20 MHz in such case. If the gNB configures the UE with PUCCH Resource Sets that are distributed across the bandwidth of the wideband carrier, a frequency-domain LBT-resilient mechanism can be devised such that the gNB allocates to the UE multiple PUCCH resources for transmission of the same HARQ-ACK feedback, each on a different subband of the wideband carrier. 
As shown in the example in Figure 4, on the 80 MHz active BWP that might span the whole bandwidth of a wideband carrier or a part thereof, the gNB indicated to the UE in PDCCH multiple PUCCH resources each on a different 20 MHz subband. If subbands coincide with the unlicensed channels in the 5GHz band, each potentially observes a different coexistence activity and interference level. 
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[bookmark: _Ref520244380]Figure 4: Multiple PUCCH resources for HARQ feedback indicated on multiple subbands of an active BWP
Since all PUCCH resources belong to the same PUCCH Resource Sets configured for the wideband BWP, it is sufficient for the gNB to indicate multiple unique resource indexes within the appropriate PUCCH Resource Set the UE will identify. Resource waste can be avoided by gNB assigning different priorities/starting positions for UEs configured with the same resource
The UE can perform either independent subband LBTs or a hierarchical LBT (as in LAA type B), and based on the LBT results, the UE can select among the PUCCH resources for which the LBT results were successful to transmit the PUCCH carrying the HARQ-ACK feedback. Whereas, the gNB blindly detects the PUCCH on the multiple allocated resources.
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[bookmark: _Ref520285036]Figure 5: Multiple PUCCH resources indicated across multiple active BWPs of a WB carrier
Alternatively, multiple PUCCH resources can be indicated across multiple active BWPs within the wideband CC. gNB configures the UE with multiple BWPs within a WB carrier. Each BWP contains independent PUCCH Resource Sets. gNB dynamically activates a set of BWPs on which PUCCH resources are allocated for transmission of A/N feedback. UE performs either independent BWP LBTs or hierarchal LBT as in LAA Type B. Based on LBT results, UE selects from the active BWP for which LBT results were successful for transmission of PUCCH. Overcoming resource waste and gNB detection of PUCCH are as discussed earlier in the case of wideband BWP.
As shown in in the Figure 5, the gNB indicated to the UE in PDCCH multiple PUCCH resources each on a different 20 MHz BWP. Since each BWP is configured with its own PUCCH Resource Sets, a PUCCH Resource Index (RI) may not be unique and additional indication is needed to associate the RI with the corresponding active BWP.

Proposal 3: When UE is configured with a wideband BWP, the associated PUCCH Resource Sets should be distributed across all the 20 MHz subbands of the wideband BWP.
Proposal 4: Resource allocation of PUCCH carrying HARQ-ACK feedback of one HARQ Process in NR-U can provide a set of frequency-domain resources in which the HARQ-ACK feedback can be transmitted based on LBT results.
Proposal 5: UEs configured with the same PUCCH resource can be assigned different access priorities/starting positions to improve the resource utilization.
Cross-carrier HARQ retransmissions
Existing designs of HARQ procedures and RLC Sub-layer in both LTE and NR dictate one RLC entity at the sending end and a corresponding one at the receiving end handling the ARQ, segmentation and concatenation, as well as in-sequence delivery of all PDUs of the logical channel over all CCs. Also, one HARQ entity is created per CC at the sending end handling the (re)transmissions of its individual HARQ processes while a corresponding HARQ entity at the receiving end handles the soft-combining and decoding of such processes on the respective CC. Once an HARQ initial transmission occurs on a given CC, all subsequent retransmissions have to occur on the same CC.
However, on an unlicensed CC (e.g., in NR-U CA/DC/SA), the gNB/UE may not be able to gain medium access to perform the HARQ retransmission for several subframes due to LBT failure. Also, retransmissions may be transmitted but not received due to persistent collisions with the transmissions of hidden nodes on that unlicensed CC. Moreover, the receiving end RLC Sub-layer will not request an ARQ of the associated PDU from the sending end RLC Sub-layer unless a subsequent PDU has been received and the reordering timer has been started and elapsed. The sending end RLC then triggers the rescheduling of the whole PDU, hopefully on a different CC. Significant delays and throughput reduction can be incurred with such a design in unlicensed spectrum. 
Efficient mechanisms are thus required for performing cross-carrier HARQ retransmissions thereby exploiting the frequency diversity across CCs and avoiding excessive latencies and throughput losses. Cross-carrier HARQ retransmissions are particularly important when the original transmission occurs within a 20 MHz CC or spans most of the bandwidth of a wideband CC. In such cases, rescheduling of blocked/delayed HARQ retransmissions within the same CC is not beneficial due to targeting the same unlicensed channel(s).  This could be a typical NR-U scenario in either the case of CA of multiple 20 MHz unlicensed CCs as in baseline LAA or in the case of channel bonding wherein wideband CCs, each comprising multiple 20 MHz unlicensed channels, are configured. 
Proposal 6: Cross-carrier HARQ retransmissions should be supported in NR-U especially when the transmission span the whole bandwidth of the component carrier.
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[bookmark: _Ref518548711]Figure 7 Cross-carrier HARQ retransmissions using Auxiliary HARQ processes
Mechanism: As shown in the figure above, retransmissions of the TB associated with the active HARQ process (HARQ ID i) on CCx can be switched by the transmitter to the first idle HARQ process j on a different cell, e.g., CCy. To reduce overhead of adding indication of the original HARQ ID/CC ID, a mapping rule can be semi-statically configured. In such case, only index shifts or offsets are signaled in the switching DCI rather than explicit information. Once the receiving end detects the switch, the corresponding idle Aux-HARQ process is activated on CCy along with its receive FEC buffer.
Based on the existing support in LTE, Aux-HARQ retransmissions on CCy would be decoded independently from previous (re)transmissions on CCx. However, it worth noting that further performance gains can be achieved if sharing of soft buffer information of the same TB across HARQ entities is enabled in NR-U. As such, NR-U should consider supporting the sharing of soft buffer information across HARQ entities given the increased motivation for cross-carrier HARQ retransmissions. 
Proposal 7: NR-U should consider supporting sharing soft buffer information across HARQ entities to further enhance the potential gains of cross-carrier HARQ retransmissions. 
Conclusions
We discuss HARQ enhancements in NR-U through enhanced HARQ-ACK feedback mechanisms providing multiple HARQ-ACK feedback opportunities in both time and frequency domains. The following observations and proposals were made:
Proposal 1: Multiple opportunities in time domain for HARQ-ACK feedback of one HARQ process should be supported in NR-U, and the following two options should be further studied.
· The PDSCH-to-HARQ-timing-indicator can provide a set of slots in which the PUCCH can be transmitted.
· One slot for PUCCH transmission is indicated in each PDCCH, and supplementary transmission of UCI could be scheduled together with the following UCI.
Proposal 2: Dynamic HARQ-ACK codebook should be supported and enhanced DAI mechanisms should be considered to indicate HARQ feedback of PDSCH(s) including the accumulated unacknowledged PDSCH(s) due to LBT failure.
Proposal 3: When UE is configured with a wideband BWP, the associated PUCCH Resource Sets should be distributed across all the 20 MHz subbands of the wideband BWP.
Proposal 4: Resource allocation of PUCCH carrying HARQ-ACK feedback of one HARQ Process in NR-U can provide a set of frequency-domain resources in which the HARQ-ACK feedback can be transmitted based on LBT results.
Proposal 5: UEs configured with the same PUCCH resource can be assigned different access priorities/starting positions to improve the resource utilization.
Proposal 6: Cross-carrier HARQ retransmissions should be supported in NR-U especially when the transmission span the whole bandwidth of the component carrier.
Proposal 7: NR-U should consider supporting sharing soft buffer information across HARQ entities to further enhance the potential gains of cross-carrier HARQ retransmissions. 
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Appendix
In the last RAN1 meeting# 93 [3], the following agreements were made:
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
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:
· 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:
· 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 using a single UL grant is identified as beneficial and should be supported in NR-U
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