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1 Introduction
In RAN1 NR #90bis meeting [1], the following agreements were made for HARQ management and HARQ-ACK feedback. 

Agreements:

· The timing between DL data transmission and acknowledgement is determined based on 0 or [2] bits in DCI 

· For both slot and non-slot scheduling, the timing provides the indication to determine the slot and the symbol(s) for the HARQ-ACK transmission

· In case of [2]-bits, FFS the actual set of values for slot-based scheduling and non-slot based scheduling, respectively

· In case of 0-bit, FFS how to determine the single timing (e.g., UE capability dependent, whether or not to have RRC configuration, the interactions with different cases (e.g., initial access), etc.)

· FFS whether or not to have separate information fields or a same information field for HARQ-ACK resource determination and HARQ-timing determination

Agreements:

· NR supports HARQ-ACK bundling in spatial domain for a NR-PDSCH transmission
· FFS details (e.g., whether or not to have RRC configuration, whether to apply to CBG-based HARQ-ACK or not, etc.)
Agreements:

· For NR non-CA, both semi-static and dynamic HARQ-ACK codebook are supported by configuration

· Note: the “by-configuration” is also applicable to the CA case

Agreements:

· Dynamic HARQ-ACK codebook (per PUCCH group) for the case without CBG configuration

· HARQ-ACK codebook determination based on counter DAI and total DAI

· Use LTE as starting point

· FFS details

Agreements:

· For HARQ-ACK spatial bundling: 

· Support higher layer configuration for spatial-domain bundling per PUCCH group

· Bundling is per cell, and same configuration applies to all the cells

· FFS whether or not to support HARQ spatial bundling in a dynamic manner

This contribution discusses several aspects of the NR HARQ design including HARQ-ACK feedback timing, HARQ-ACK bundling, HARQ-ACK codebook, minimum processing time and number of HARQ processes.
2 HARQ-ACK feedback timing
Tentative minimum UE processing time values were agreed at RAN1 #90bis for baseline and aggressive processing time capabilities. The baseline UE processing time capability is shown in Table 1.
Table 1: UE Processing Time and HARQ Timing (Capability #1)
	DMRS for CE
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	[8]
	[10]
	[14]
	[14-21]

	Front-loaded + additional DMRS
	N1
	Symbols
	[13]
	[13]
	[17]
	[21]

	Frequency-first RE-mapping
	N2
	Symbols
	[9]
	[11]
	[17]
	[31]


Although the UE processing time N1 is measured here in symbols, the HARQ-ACK timing could either use symbols or slots. For PUCCH transmission, the starting symbol within one slot could be configurable. For instance, one conclusion of the RAN1 email discussion [90b-NR-30] after RAN1#90bis is that the starting symbol of a PUCCH resource can be jointly indicated with other PUCCH resource parameters. Hence, only the slot offset between PDSCH and the corresponding HARQ-ACK feedback needs to be indicated by the HARQ timing.
Proposal 1: For HARQ timing, slot offset, K1, between PDSCH and PUCCH is indicated through a separate DCI field while the starting symbol and PUCCH duration within the feedback slot can be derived from the PUCCH resource indication.
Regarding the HARQ timing indication it was also agreed that the timing between DL data transmission and acknowledgement is determined based on 0 or [2] bits in DCI. For dynamic timing, DCI can indicate the slot offset between PDSCH and PUCCH from a set of RRC-configured values, the actual set of values can be determined by gNB, and the smallest value should satisfy the UE processing time requirement. Although more HARQ timing flexibility can help in e.g. dynamic TDD scenarios it is also necessary to consider the DCI overhead penalty. Therefore, indicating one out of at most 4 possible HARQ timing values is sufficient. 
Proposal 2: For HARQ timing, 2 bits indicating from 4 values for the slot offset between DL data transmission and acknowledgement can be confirmed.

For explicit HARQ timing indication, the actual set of values for slot-based scheduling and non-slot based scheduling should be determined based on the UE processing time. For example, for UEs with N1<14, the minimum K1 can be 2; for UEs with 14<=N1<=21, the minimum K1 can be 3; for UEs with N1=31, the minimum K1 can be 4.
Fixed timing (i.e. no timing field in DCI) can be defined for semi-static configuration of the DL-UL resource partition in NR. A typical use case may be FDD or on some TDD scenarios such as a macro-cell deployment. However, even in these cases some flexibility in timing can still be beneficially providing differentiated service to users with advanced processing capabilities. 
When the set of HARQ timing values has not been configured such as during initial access or during an RRC reconfiguration period, the set of HARQ feedback timing is unknown to a UE. In this case, a default value of HARQ timing can be specified based on a worst case processing time across all UEs. This value can represent a fixed timing for the case where no timing field is provided in DCI such as during initial access for scheduling RMSI, OSI, paging and RA messages. Alternatively, this fixed timing value may be mapped as a default code-point of the HARQ timing field in the DCI. This approach ensures that there is no ambiguity during an RRC reconfiguration period. 
Proposal 3: A default HARQ timing value can be predefined based on the UE minimum processing time (N1) and mapped to one of a set of values that can be indicated by a HARQ timing field in a DCI scheduling a DL assignment.
3 HARQ-ACK bundling
In NR, HARQ-ACK bundling in spatial domain for a NR-PDSCH transmission was agreed, and higher layer configuration for spatial-domain bundling per PUCCH group was also agreed. One remaining issue is whether or not to support HARQ spatial bundling in a dynamic manner. HARQ-ACK bundling when CBG transmission is configured is discussed in a companion contribution [2]. 
For CBG based HARQ-ACK feedback, it was agreed that the configured maximum number of CBGs per TB is the same between TBs in multiple codeword configuration. The following options on HARQ-ACK bundling were considered during the email discussion of RAN1 [90b-NR-32]
A. Opt 1: HARQ-ACK bundling for the CBGs within a TB

B. Opt 2: HARQ-ACK bundling for the CBGs across TBs

C. Opt 3: HARQ-ACK bundling for the CBGs across slots

Option 1 is questionable as if a UE’s coverage cannot support CBG operation it should not be configured in the first place. Option 3 (time domain bundling) is also not needed. Option 2 on the other hand can be considered in some circumstances. For example, for dynamic codebook design, one simple method would be to keep TB-level DAI concepts where a DAI is incremented per PDSCH but HARQ-ACK bits per CBG is generated. In this case it may be desirable to consider spatial bundling depending on the number of PDSCHs that can be acknowledged in a single feedback instance (the DL association set). 

Proposal 4: HARQ spatial domain bundling for CBG based HARQ-ACK feedback should be supported at least for HARQ-ACK multiplexing.

For HARQ spatial bundling in a dynamic manner, a maximum payload should be defined to implicitly determine whether to apply HARQ spatial bundling. Considering that the PUCCH resource size can be dynamically changed in NR, it is difficult to define the maximum payload value. Hence, HARQ spatial bundling in a dynamic manner should not be supported in NR.

Proposal 5: HARQ spatial bundling in a dynamic manner should not be supported in NR.

4 HARQ-ACK codebook
Both semi-static codebook and dynamic codebook are supported by configuration for single cell operation in NR. For semi-static HARQ-ACK codebook determination, the codebook size can be determined based on the RRC configuration, such as the maximum number of TBs and the number of CBGs per TB. Besides, how to determine the DL association set should be considered. For semi-static UL-DL assignment, fixed HARQ timing can be defined and the DL association set is fixed. But for dynamic UL-DL assignment or for dynamic HARQ timing, the DL association set is also changed dynamically. Then either the gNB configures the DL association set size according to the maximum number of possible DL transmissions related with an UL feedback occasion or a fixed value is defined in specification. The drawback is the HARQ-ACK overhead that UE should always feedback multiple HARQ-ACK bits even when gNB only indicate few slots to be feedback in one PUCCH occasion. In case of RRC configuration and DCI indication is used for PUCCH resource indication, gNB could semi-statically configure a set of HARQ-ACK codebook sizes; one of them is select with HARQ-ACK resource indicator, which could reduce the number of feedback bits to some extent.

Proposal 6: For semi static HARQ-ACK codebook, a set of HARQ-ACK codebook sizes can be semi-statically configured and one of them is select with HARQ-ACK resource indicator.

For dynamic HARQ-ACK codebook determination, DAI mechanism (counter DAI and total DAI) in LTE was agreed as a starting point. However, the LTE method of determining the dynamic codebook size cannot be reused directly since it was designed for more than 5 serving cells. Specifically, for single cell operation in NR the total DAI is redundant as only the counter DAI is needed. As the counter DAI is updated in each slot containing PDSCH, if the UE does not detect the last DL assignment, the UE and gNB will have different understanding on the HARQ-ACK codebook size. In LTE, the probability of this error event is mitigated by the gNB scheduling at least 4 DL transmissions in the last slot, since the probability of the UE missing 4 or more DL transmissions in the last slot is very low. However, in NR, dynamic HARQ-ACK codebook is supported for both single cell and CA scenarios. As it is not possible for gNB to schedule more than 4 DL transmissions in the last slot for the single carrier case, a new DAI mechanism is required in NR. 

One such mechanism is to define the counter DAI as the accumulative number of  scheduled PDSCH until the current slot/mini-slot. The total DAI is defined as the total number of PDSCHs that need to be acknowledged in the same feedback occasion. Then, the total DAI in multiple DCIs with the scheduled PDSCH corresponds to a same UL feedback occasion are same, as long as UE receives any one DL assignment, it get the total DAI and there will not be any misunderstanding between gNB and UE on HARQ-ACK codebook size. With this method, gNB need to predict the total number of possible scheduled PDSCHs, gNB may indicate a small total DAI value or indicate a larger total DAI value, then either some scheduling limitation is introduced or some redundant bits in HARQ-ACK codebook are introduced. Generally, it is up to gNB implementation how to dimension the number of possible scheduled PDSCHs.
Proposal 7: The dynamic HARQ-ACK codebook size can be based on the counter DAI and total DAI:
· Counter DAI is the accumulative number of scheduled PDSCHs up to the current slot/mini-slot;
· Total DAI is the total number of PDSCHs needs to be acknowledged in the same feedback occasion.
5 HARQ Processing Time 

Both UE and gNB processing time (N1, N2) have strong impact on number of HARQ processes.  The processing delay and HARQ RTT would include the processing time budget at UE and gNB.   Soft buffer size is calculated based on the maximum number of HARQ processes for each cell and would be impacted by the number of HARQ processes supported in UE categorization or capability handling.  Minimum processing delay should take into consideration NR code block segmentation and mapping to physical resources. Minimum processing delays could also be specific for each UE category.
Proposal 8:  Minimum processing time, number of HARQ processes supported, and soft buffer size could be UE-category specific

6 Number of HARQ Processes

In RAN1#89, it was agreed that maximum number of HARQ processes per carrier supported in NR is 8 or 16. It is further study for the down selection of the maximum number of HARQ processes. The target requirements of UE processing speed in NR is required to be much faster than that in LTE.  The processing delay would be in the range of tens of µs to 1ms. For self-contained structure, the HARQ-ACK feedback of a HARQ process would be within one slot interval. The retransmission would at most at 2 slot later. Thus, the maximum number of HARQ processes for self-contained structure would be 2. For UE with moderate processing speed, the HARQ RTT time would be less than 3 slots, maximum number of 8 HARQ processes should be sufficient.  
Proposal 9:  Maximum number of HARQ processes per carrier supported in NR should be 8.  

7 Conclusion
This contribution discussed definition of HARQ feedback and HARQ management related issues for NR operation. Our proposals are summarized as follows: 
Proposal 1: For HARQ timing, slot offset, K1, between PDSCH and PUCCH is indicated through a separate DCI field while the starting symbol and PUCCH duration within the feedback slot can be derived from the PUCCH resource indication.
Proposal 2: For HARQ timing, 2 bits indicating from 4 values for the slot offset between DL data transmission and acknowledgement can be confirmed.

Proposal 3: A default HARQ timing value can be predefined based on the UE minimum processing time (N1) and mapped to one of a set of values that can be indicated by a HARQ timing field  in a DCI scheduling a DL assignment.
Proposal 4: HARQ spatial domain bundling for CBG based HARQ-ACK feedback should be supported at least for HARQ-ACK multiplexing.

Proposal 5: HARQ spatial bundling in a dynamic manner should not be supported in NR.

Proposal 6: For semi static HARQ-ACK codebook, a set of HARQ-ACK codebook sizes can be semi-statically configured and one of them is select with HARQ-ACK resource indicator.

Proposal 7: The dynamic HARQ-ACK codebook size can be based on the counter DAI and total DAI:
· Counter DAI is the accumulative number of scheduled PDSCHs up to the current slot/mini-slot;
· Total DAI is the total number of PDSCHs needs to be acknowledged in the same feedback occasion.
Proposal 8:  Minimum processing time, number of HARQ processes supported, and soft buffer size could be UE-category specific

Proposal 9:  Maximum number of HARQ processes per carrier supported in NR should be 8.  
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