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An important aspect of the downlink HARQ procedure is the HARQ-ACK feedback which is part of the uplink control information (UCI). 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 bands in the CA/DC and standalone deployment scenarios targeted in Rel-15 SI [1] and agreed in RAN1 meeting #92 [2]. In such cases, HARQ-ACK transmission is subject to the result of LBT as well as possible interference from hidden nodes, and thus can be delayed or lost. Therefore, in the RAN1 meeting #92bis, the following agreement has been made:
Agreement:
· Study possible enhancements for HARQ operation 
· Study changes needed for Configured Grant support in NR-U
· Baseline for study: If absence of Wi-Fi cannot be guaranteed (e.g. by regulation) in the band (sub-7 GHz) where NR-U is operating, the NR-U operating bandwidth is an integer multiple of 20MHz 
· At least for band where absence of Wi-Fi cannot be guaranteed (e.g. by regulation), LBT can be performed in units of 20 MHz. 
· FFS: details on how to perform LBT for as single carrier with bandwidth greater than 20 MHz, i.e., integer multiples of 20 MHz.
· Study whether or not the following techniques enhance performance beyond the baseline LBT mechanisms
· Techniques to cope with directional antennas/transmissions
· Receiver assisted LBT : RTS/CTS type mechanism
· On-demand receiver assisted LBT: For example receiver assisted LBT enabled only when needed 
· Techniques to enhance spatial reuse 
· Preamble detection
· Enhancements to baseline LBT mechanisms above 7 GHz
· Note: LTE-LAA LBT mechanism are assumed as baseline for evaluations for 5GHz. 
· Note: Other aspects are not precluded from being included

In this paper, we discuss HARQ enhancements in NR-U through enhanced HARQ feedback mechanisms providing multiple HARQ feedback opportunities in both time and frequency domains.
[bookmark: _Ref129681832]Multiple HARQ-ACK feedback Opportunities 
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. 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 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 (for dynamic HARQ-ACK codebook). 
If the PUCCH is subject to LBT, the UE cannot transmit the PUCCH upon a LBT failure. Moreover, 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). The latter would incur retransmission of all PDSCHs and should be avoided, while the former 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 follow
· Option 1: The PDSCH-to-HARQ-timing-indicator can provide a set of slots in which the PUCCH can be transmitted. The UE would chose the first slot if LBT succeeds but if LBT fails, proceed to the next slot (possibly with new LBT) etc., until all indicated slots have been exhausted. 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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[bookmark: _Ref509395175]Figure 1. Example of option 1.
· Option 2: Only one slot 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. 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.
[image: ]
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 they 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. 
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. 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 bit in each transmission. Therefore, the window-based DAI mechanisms should be supported in NR-U.
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Figure 3. Illustration for window-based DAI mechanisms
Proposal 2: Dynamic HARQ-ACK codebook should be supported in NR-U, and the DAI mechanisms in NR/LTE can be considered as a starting point.
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 [4], 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 in the 5GHz band. Since the LBT procedure is meant to check the availability of individual unlicensed channels, 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 Fig. 3, 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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Figure 3. 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.
The UE can perform either independent subband LBTs or a hierarchal 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.
Proposal 3: 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. 
 
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 in NR-U, and the DAI mechanisms in NR/LTE can be considered as a starting point. 

Proposal 3: 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.
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