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1 Introduction
During RAN1#90bis [1], the following was agreed: 
Agreement:
· Study possible enhancements for HARQ operation 
In this contribution, we provide our view on possible HARQ related issues that should be address when designing HARQ enhancements for NR-U operation.  
[bookmark: _Ref178064866]2	Discussion
NR provides the flexibility in HARQ feedback timing to account for dynamic TDD and also possibly combine several HARQ feedbacks for both lower overhead and higher reliability. Figure 1 shows an example. there is a one-to-one mapping between the PDSCH and the corresponding feedback on PUCCH/UCI. The slot timing (denoted as K1) between DL data transmission and acknowledgement is determined based on a 3-bit field in DCI. RRC configures the set of 8 values to be indexed by K1 (possible value range is {0, 1, …, 15}). 
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Figure 1: NR HARQ feedback flexible timing
NR provides the flexibility to include aggregate feedback corresponding to multiple HARQ processes in one PUCCH/UCI transmission by means of Semi-static and dynamic codebook.

· Semi Static Codebook
HARQ codebook size in time (DL association set) is determined based on the configured set of HARQ-ACK timings K1, PDCCH monitoring occasions, and semi-static configured TDD pattern. For each slot, UE needs to report HARQ feedback bitmap of fixed size according to its CA and TB/CBG configuration; not received TB/CBG are set to NACK.
·  Dynamic HARQ codeblock
Dynamic HARQ codeblock provides the possibility to dynamically determine the set of HARQ process for which the HARQ feedback should be reported. The DCI includes: 
· Downlink assignment indicator: that indicates the number of HARQ process that should reported. the DAI field is of 2 bits length. Thereby, the maximum indicated value is 4, afterwards, the value wrap around. 
· PDSCH to HARQ-ACK timing indicator that specify the time resource in which the gNB is expecting the feedback. 
2.1	LBT for feedback on PUCCH 
If HARQ feedback transmission is subject to LBT, there is a risk that the UE fails to perform the transmission depending on the LBT outcome. Due to the one-to-one mapping between PDSCH and corresponding feedback in the time domain, if the UE fails to transmit the feedback on the predefined time location, the gNB will have to assume NACK and retransmit all the corresponding PDSCHs. The latter can be considered as an inefficient utilization of the band and also causes unnecessary increase in the channel contention. 
In Wi-Fi, feedback transmission is not subject to LBT, instead a small SIFS duration is introduced between the data transmission and the corresponding feedback to accommodate for the hardware delay to switch the direction from reception to transmission. 
Additionally, the same thing applies in case of two nodes sharing the same transmit opportunity, the responding node is allowed to skip LBT if the transmission starts within less than or equal 16us from the end of the initiating node transmission. 
[bookmark: _Toc513740603]LBT may be skipped in the following situations  
a. [bookmark: _Toc513740604]The gap between the DL transmission and the succeeding UL transmission carrying HARQ feedback is less than 16us.  
b. [bookmark: _Toc513740605]If a responding node is performing a transmission as part of a shared COT initiated by another node and the gap between the initiating and the responding transmission is less than 16us. 
Therefore, it should be possible to transmit PUCCH/UCI feedback within the same transmit opportunity without performing an LBT, if the gap between DL and the immediate following UL transmission is less than or equal to 16us. 
[bookmark: _Toc513740554]UL feedback transmission within a shared COT is not subject to LBT if the gap between the DL transmission preceding the UL transmission and the UL transmission is less than 16us. 
NR supports small processing delays, but not as small as providing feedback within the same slot, at least for capability 1 UEs. For instance, with a subcarrier spacing of 30KHz, L1 processing delay from end of PDSCH until beginning of PUCCH is minimum 10 OFDM symbols assuming capability 1 UE. Therefore, there will be at least 10 OFDM symbol gap between the end of PDSCH reception and the corresponding feedback. values corresponding to UE capability 1 are listed in Table 1. The values for capability 2 UE are expected to be lower, but they are not concluded yet. 
Table 1: processing delays for a Capability 1 UE
	PDSCH Configuration
	HARQ Timing
	30 kHz SCS
	60 kHz SCS

	Front-loaded DMRS only
	N1
	10
	17

	Front-loaded + additional DMRS
	N1
	13
	20

	Frequency-first RE-mapping
	N2
	12
	23

	N1: # of OFDM symbols from end of PDSCH until beginning of PUCCH
N2: # of OFDM symbols from end of PDCCH (UL grant) until beginning of PUSCH



Accordingly, Figure 2 shows an example where the feedback at n-1 cannot be included in the feedback in slot n if subcarrier spacing 30KHz is used. In case of 60KHz SCS, both n-1 and n-2 cannot be included. 
[image: ]
Figure 2: Impact of processing delays on the HARQ feedback 

We believe that it is highly beneficial to maximize the chances that the feedback of all the transmissions within a certain transmit opportunity is self-contained within the same channel occupancy and not subject to LBT, of course while still fulfilling regulatory requirements. Lack of feedback, or delayed feedback significantly impact the overall performance in terms of UE’s throughput and also in terms of inefficient use of the channel if the delayed feedback trigger unnecessary retransmissions. Even if multiple switching points within a COT is supported for NR-U, there will still be some cases where the PDSCH(s) transmission immediately before the last scheduled PUCCH cannot be included unless a gap is introduced to accommodate for the L1 processing delay. It should be further studied how to support self-contained COT without introducing gaps. 
[bookmark: _Toc513740555]Study how to support self-contained COT for NR-U that includes feedback for all PDSCH transmitted within the same COT without introducing gaps within the COT. 
2.2 Limitations of Dynamic HARQ codebook 
NR provides the flexibility to include aggregate multiple HARQ ACKS in one feedback which is fundamentally needed for NR-U operation. In the previous section we discuss the need to send feedback without LBT. If this is not supported, the following limitations are observed when using NR Dynamic HARQ codebook as it is in unlicensed spectrum without any adjustments:  
· Issue 1 (PUCCH transmission delayed by unsuccessful LBT): if the UE fails to provide the aggregated feedback on the specified resources, all PDSCHs included in this feedback needs to be retransmitted. gNB does not have the flexibility to ask for feedback retransmission. The gNB will have to assume NACK and retransmit all the corresponding PDSCHs. 
· Issue 2 (Missed PUCCH detection at gNB): Even if the UE successfully transmits the HARQ feedback, there are chances that the gNB may not be able to detect it. From gNB perspective, failed LBT or missed UCI transmissions are indistinguishable. Due to the one-to-one mapping between PDSCH and corresponding feedback in the time domain, if the gNB fails to detect the feedback in the predefined time location, the gNB will have to assume NACK and retransmit all the corresponding PDSCHs. While missing PUCCH transmission on licensed carrier is unlikely, it is highly likely to happen on an unlicensed band due to collisions.
· Issue 3 (Missed PDCCH detection at UE): The UE refers to the DAI value to calculate the dynamic codebook size. For every PDSCH transmission, the DAI value in the DCI is incremented. The DAI in the DL scheduling DCI should be stepped by one as compared to the immediate preceding DL scheduling DCI, if difference between the two received DAI values at the UE in current and earlier DCI is higher than 1, it is an indication that PDCCH transmission(s) has been missed. The DAI value in NR rel-15 is only 2-bits, after reaching the highest DAI value (i.e. 4), the value is reset again to the smallest value. This means that if the UE missed 4 or more PDSCH transmission, the UE will not be able to correctly calculate the codebook size, and therefore there will be misalignment between the gNB’s expected codebook size and the reported one by the UE. While missing 4 or more consecutive PDSCH on licensed carrier is unlikely, it is highly likely to happen on an unlicensed band due to collisions, and thereby, the 2-bit DAI will cause an issue. 

In principle, we think that the dynamic HARQ codebook is a good starting point. However, it should be adjusted in a way that enables more flexible timing control for the PUCCH/UCI feedback. 
[bookmark: _Toc513740556]Enhancements for dynamic HARQ codebook procedure are needed to achieve efficient operation in unlicensed bands. 
Here we discuss some possible alternatives to enable secondary opportunities for feedback transmission in response of LBT failure: 
· Alternative 1 (PUCCH transmission window): Instead of indicating only one slot for PUCCH transmission, the gNB may indicate multiple consecutive opportunities for PUCCH transmission. The UE may continue to attempt to transmit PUCCH within the set of indicated slots until it succeeds. However, the problem of this alternative is that once the gNB reserves those slots for PUCCH attempts, the gNB has to avoid using those slots for DL or other UL transmissions, so that the PUCCH is not blocked by any intra-cell interference. Additionally, if the UE fails to transmit PUCCH within the window of opportunities, the gNB still does not have the flexibility to request the feedback at a later time and will have to assume NACK. Therefore, we think that this alternative is not optimal and does not provide sufficient improvement. 

· Alternative 2 (Defer PUCCH transmission to next indicated occasion): In case the UE fails to transmit in the predefined time resources indicated in the PDSCH-to-HARQ ACK timing in the corresponding DCI, the feedback is included in the next scheduled UCI (on PUCCH or PUSCH). This provide a clear way to provide the UE with another opportunity to send the failed feedback. However, this does not work well if the UE actually sent the PUCCH but it is not detected by the gNB. The gNB cannot distinguish between a failed LBT and a missed PUCCH detection. This will cause misalignment between the expected codebook size by the gNB and the actual one sent by the UE. 

· Alternative 3 (Explicit request for feedback on multiple HARQ processes): gNB may trigger transmission of feedback for all or subset of the HARQ processes at any time irrespective of the DAI value. However, we have some concerns related to this alternative: First, trigger flag will cause unnecessary overhead on the UCI especially if the HARQ based on code block group is activated. Second, if the trigger explicitly or implicitly list HARQ process Ids, it will possibly cause high overhead on PDCCH. Third, the functionality of the counter DAI supported by NR becomes redundant in most cases. 

[bookmark: _Toc513740557]Alignment between gNB expected codebook size on UCI and the one reported by the UE even in case of PUCCH or PDCCH misdetection should always be guaranteed. 
To eliminate the issues caused by the limited DAI combinations (issue 3), the DAI field in the DCI should be extended to accommodate for possibly missing more than 4 PDSCHs transmission.
[bookmark: _Toc513740558]DCIs for scheduling PDSCH on unlicensed carriers should support larger DAI field as compared to Rel-15 NR DCI for scheduling PDSCH on licensed carrier.  
Conclusion
In the previous sections we made the following observations: 
Observation 1	LBT may be skipped in the following situations
a.	The gap between the DL transmission and the succeeding UL transmission carrying HARQ feedback is less than 16us.
b.	If a responding node is performing a transmission as part of a shared COT initiated by another node and the gap between the initiating and the responding transmission is less than 16us.

Based on the discussion in the previous sections we propose the following:
Proposal 1	UL feedback transmission within a shared COT is not subject to LBT if the gap between the DL transmission preceding the UL transmission and the UL transmission is less than 16us.
Proposal 2	Study how to support self-contained COT for NR-U that includes feedback for all PDSCH transmitted within the same COT without introducing gaps within the COT.
Proposal 3	Enhancements for dynamic HARQ codebook procedure are needed to achieve efficient operation in unlicensed bands.
Proposal 4	Alignment between gNB expected codebook size on UCI and the one reported by the UE even in case of PUCCH or PDCCH misdetection should always be guaranteed.
Proposal 5	DCIs for scheduling PDSCH on unlicensed carriers should support larger DAI field as compared to Rel-15 NR DCI for scheduling PDSCH on licensed carrier.
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