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1 Introduction
NR would support dynamic DL/UL HARQ timing relationships. In addition, a design goal is the support of faster HARQ-ACK feedback even within the same slot as the associated DL transmission. Such diverse and flexible timing relationships led to the following agreements in RAN1#89 after email discussion [1] following RAN1#88bis, 

Agreements:
· A set of reference parameters is used for the purpose of soft buffer dimensioning

· A reference set of parameters includes at least DL HARQ RTT [Y ms] and data rate(s) of X Gbps 

· FFS: values of X and Y
· FFS: other conditions
· This does not imply UE has to have a HARQ-ACK timing based on the reference HARQ RTT

· FFS: how different UE categories are defined

· LBRM is taken into account

· Maximum number of HARQ processes per carrier supported in NR is 8 or 16 

· This is at least for the single numerology case and a slot-level scheduling and single-TRxP transmission

· FFS: down-selection of 8 or 16

· FFS: soft-buffer handling

· FFS: the value may be different depending on a certain condition (e.g., subcarrier spacing) 

Agreements:
· All Rel. 15 UE supports minimum value of K0 equal to 0, i.e., DL assignment and the scheduled DL data are in the same slot. 

In RAN1 NR Ad-Hoc #2 meeting, the following agreements were made in terms of characterization of the UE processing time. 
Agreements:
· For NR, RAN1 should consider the UE processing time(s) in terms of symbols (N1, N2) together with absolute time (in us), instead of slots (K)
· N1: the number of OFDM symbols required for UE processing from the end of NR-PDSCH reception to the earliest possible start of the corresponding ACK/NACK transmission from UE perspective.
· N2: the number of OFDM symbols required for UE processing from the end of NR-PDCCH containing the UL grant reception to the earliest possible start of the corresponding NR-PUSCH transmission from UE perspective.
· Note the timing advance is not included in N1 and N2
· FFS whether other aspects, e.g. UE UL/DL switching time, etc. are included in N1 and N2
· FFS between the following for each combination defined in the next slide
· Opt 1: UE reports N1 and N2 as UE capability
· Opt 2: Fixed values of N1 and N2
· UE is not expected transmit anything in uplink if the network set the values of K1 and/or K2 without leaving sufficient time for UE processing
In RAN1#90, the candidate factors for processing time (N1, N2) were agreed with nominal assumptions for PDCCH/PDSCH/PUSCH/PUCCH (see table in [2]).
In RAN1 NR Ad-Hoc #1 meeting, the following agreements were made for HARQ timing in NR:
Agreements:
· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values 
· The set of values is configured by higher layer
· Timing between UL assignment and corresponding UL data transmission is indicated by a field in the DCI from a set of values
· The set of values is configured by higher layer
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in  the DCI from a set of values
· The set of values is configured by higher layer
· Timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE
· FFS the value for the timing
This contribution discusses several aspects of the NR HARQ design including HARQ-ACK feedback timing, HARQ-ACK multiplexing, minimum processing time and number of HARQ processes.
2 HARQ-ACK feedback timing
It was agreed that HARQ-ACK feedback of multiple PDSCHs can be multiplexed in a single PUCCH/PUSCH. The gNB can determine the HARQ-ACK feedback timing based on the consideration of latency target or system load balancing. HARQ-ACK feedback timing corresponding to a PDSCH transmission is proposed either in the same or next slot [3] [4] as primary use cases. Even if a UE is capable of fast processing time with HARQ-ACK feedback in the same slot as the corresponding PDSCH, longer feedback timing is possible depending on how many PDSCHs the UE needs to process for the same HARQ-ACK feedback occasion.
It was agreed that the timing between DL data reception and corresponding HARQ-ACK feedback is indicated by a field in the DCI from a set of possible timing values that is configured by higher layer signaling.
The agreement from RAN1 #NR_AH1 also states that timing should be defined when the timing is unknown to the UE.  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 UEs. In this case, a default value of HARQ timing can be predefined and mapped to one of the values indicated in the HARQ timing field contained in the DCI scheduling a DL assignment. For example, RRC configures a set of 4 possible values of HARQ-ACK timing indicated by a 2-bit field in the DCI. Then one of the RRC values can be set to a default HARQ timing value. 
Proposal 1: A default HARQ timing value can be predefined and mapped to one of a set of values that can be indicated by a HARQ timing field of a DCI scheduling a DL assignment.
Since the agreement on UE processing time is the number of symbols, the HARQ-ACK timing should also use symbols as the time unit for the given numerology. For PUCCH transmission, the starting symbol within one slot could be configurable. As discussed in [5].
, symbol based HARQ timing indication can be indicated separately in DCI. The starting symbol can be any symbol in one slot or one of multiple predefined time domain positions or symbols in a predefined PUCCH format region. Also, a set of possible slot-based starting positions can be semi-statically configured by RRC signaling and DL DCI indicates one of them.
Proposal 2: For HARQ timing indication, slot- and symbol-based HARQ timing indication can be separately configured.
NR shall also support semi-static configuration of the DL-UL resource partition. This is important in certain deployment scenarios such as when NR is deployed in LTE TDD bands including LTE-NR coexistence. For such scenario, the feedback opportunities can be defined simply by the UL opportunities determined by the UL-DL resource partition. Therefore, it can be argued that there is no need to waste bits for a timing field in the DCI payload. In other words the timing field in the DCI is dependent on whether or not an UL-DL resource partition is semi-statically signaled to the UE. 

Whilst all this is true, it should be noted that flexible timing can still be beneficial e.g. to relax the processing burden on a UE when multiple PDSCHs across BWPs, serving cells or slots/mini-slots need to be acknowledged. In such a scenario even a 1-bit field indicating one of two possible HARQ timing values could provide operational flexibility without significant impact on DCI overhead.
Proposal 3: For semi-static DL-UL configuration in NR, either fixed HARQ timing can be defined or a unified dynamic HARQ timing design can be adopted regardless of whether or not a semi-static UL-DL configuration is provided to a UE.
3 HARQ-ACK multiplexing

In LTE a TTI defines the transmission duration of a transport channel.  The TTI length in LTE is fixed to 1 subframe. NR supports flexible DL transmission durations ranging from 1 symbol up to an aggregation of slots for a given numerology. This is a rather loose definition of a TTI, where, even for a single UE, different DL data transmission durations are possible for the same numerology.

Therefore, NR should support multiplexing of HARQ-ACK feedback corresponding to data transmissions of different durations in the same UL transmission occasion. Furthermore, HARQ-ACK multiplexing should support both TB-based and CBG-based HARQ-ACK feedback.

When coupled with CA and/or DC configuration, NR specification should consider rules for

· HARQ-ACK multiplexing for TBs and/or CBGs associated with a single DL TTI

· HARQ-ACK multiplexing of one or more DL TTIs in a single PUCCH/PUSCH

· HARQ-ACK multiplexing of DL TTIs scheduled in one or more configured serving cells
A unified HARQ-ACK multiplexing scheme is desired to handle all these cases. For instance HARQ-ACK ordering across different TTI durations, numerologies and serving cells should be specified. It has been agreed that polar coding shall be used for UCI payloads greater than 11 bits, while RM block code is used between 3 and 11 bits. Similarly to TBCC in LTE, dynamic codebook adaptation is preferable for larger payloads.

Proposal 4: NR specifies a generic HARQ-ACK multiplexing mechanism that enables HARQ-ACK multiplexing of multiple data transmissions with varying TTI durations, for different numerologies and in one or more serving cells.

4 HARQ-ACK codebook
In LTE, both semi-static and dynamic HARQ-ACK codebooks are supported. Since the DL/UL configuration and HARQ timing are fixed, semi-static HARQ-ACK codebook can be used to avoid misinterpretation of the number of received HARQ-ACK bits at the eNB due to miss-detection of a DL grant.  Dynamic HARQ-ACK codebook was also defined in LTE Rel-13 CA to further reduce HARQ-ACK feedback bits associated with non-scheduled serving cells or subframes. Specifically, a DAI mechanism (counter DAI and total DAI) is used to enable UEs determine missed DL grants with sufficient reliability.
In NR, dynamic HARQ timing is supported and the HARQ-ACK feedback window size may not be fixed as in LTE. Dynamic HARQ-ACK codebook adaptation should be supported to minimize the number of HARQ-ACK feedback bits. The LTE method of determining the dynamic codebook size cannot be reused directly since it is used for carrier aggregation case only.  For single carrier, if counter DAI is indicated in DCI, a UE may miss the last TTI in a HARQ feedback window, which could cause misunderstanding between gNB and UE.  For carrier aggregation, the counter DAI and total DAI indication method can be used only when the TTI duration in multiple carriers is the same.  However, NR supports variable TTI duration. Therefore, a new method in determining the dynamic codebook size should be considered. The following options can be considered for dynamic codebook determination in NR:
· Option 1: Counter DAI + Total DAI
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Figure 1: Illustration of counter DAI + total DAI for codebook determination 
In this option, the counter DAI, as the name implies, is a counter of the scheduled PDSCHs up until the current slot/mini-slot, whereas the total DAI is the total number of PDSCHs that need to be acknowledged in the same feedback occasion. Carrier aggregation of two serving cells is shown in Figure 1. Slot-based transmission is used in carrier 1 and mini-slot-based transmission is used in carrier 2. In this example the gNB schedules data transmission in slots n/n+2 on carrier 1 and in mini-slots 2/3 of slot n, 0/1 of slot n+1 and mini-slot 3 of slot n+2 on carrier 2. Then according to the total DAI, the codebook size in slot n+5 is 7. The HARQ-ACK bits are ordered by the counter DAI. 
· Option 2: Counter + additional processing budget
In this option, gNB provides a counter field in DCI, where the counter is initialized from the first scheduled slot/mini-slot in a feedback window and is incremented in each subsequent slot/mini-slot no matter if the slot/mini-slot is scheduled or not. Based on the HARQ-ACK timing indicated in the DCI, the UE can determine the number, m, of additional slots (or mini-slots) containing PDSCH that can be processed before the HARQ feedback occasion.. Both the gNB and UE compute the feedback window based on the counter “a” and additional processing budget “m”. For example, the feedback window size equals to a + m, since the counter “a” represents the maximum number of slot/mini-slot can be scheduled before the current slot/mini-slot  and the additional processing budget, m, represents the maximum number of slot/mini-slots that can be scheduled after the current slot/mini-slot. 
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Figure 2: Illustration of counter + additional processing budget for codebook determination 
As shown in Figure 2, it is assumed that “m” is derived from the HARQ timing indication and “a” is a counter indicated in DCI. In Case 1 of Figure 2, the gNB schedules data transmission in slots n/n+2/n+3.  According to the dynamic codebook determination method, the codebook size in slot n+5 is 3 and the codebook size in slot n+7 is 2. In slot n+5, there will be one unused bit for slot n+1 and it can be set to NACK. In Case 2, the gNB schedules data transmission in slots n+1/n+2/n+4, and according to the dynamic codebook determination method, the codebook size in slots n+5 and n+7 is 2 and 1 respectively. In Case 3, the gNB schedules data transmission in slots n+2/n+3/n+4, and according to the dynamic codebook determination method, the codebook size in slots n+5 and n+7 is 1 and 2 respectively. 
· Option 3: RRC configures a set of codebook sizes for and the gNB indicates one by DCI
In this option, gNB configures a set of codebook sizes by RRC signaling. The DCI scheduling a DL assignment indicates both the HARQ-ACK timing and the corresponding codebook size. The gNB should not schedule more TBs/CBGs than the indicated codebook size. When the number of scheduled TBs/CBGs is smaller than the indicated codebook size, NACK is generated for the remaining bits. Meanwhile DAI is also included in the DCI to ensure the correct ordering of HARQ-ACK bits to detected PDSCHs.
· Option 4: UE feedback the codebook size
In this option, the codebook size can be determined by UE, and UE report the codebook size together with the HARQ-ACK feedback information. In order to keep the alignment of the codebook size between gNB and UE, the codebook size information uses separate resource and coding compared to the HARQ-ACK feedback information.
Comparing the above options, Option 1 can be extended to CA/multiple BWPs and mixed transmission of different time durations. The drawback is that gNB should predict the total number of PDSCHs that may be acknowledged in the same feedback occasion. In Option 2, the gNB does not need to predict the future scheduling possibility but there may be unused HARQ-ACK feedback bits. Furthermore, Option 2 cannot be easily extended to CA/multiple BWPs and mixed transmission of different time durations. Option 3 is simple from specification perspective.  There will be unused feedback bits and/or reduced scheduling flexibility.  Option 4 on the other hand will not increase DCI overhead and it has no unused HARQ-ACK feedback bits. However, the PUCCH design is more complex.  
In summary, Option 1 has more flexibility in extending to CA and is our preferred solution.  It is up to gNB implementation how to dimension the number of possible scheduled PDSCHs 

In addition, semi-static codebook determination should also be considered for FDD or semi-static DL-UL configuration. Generally, the codebook size can be determined based on the RRC configuration or based on the number of configured HARQ processes.
Proposal 5: Both semi-static HARQ-ACK codebook determination and dynamic HARQ-ACK codebook adaptation should be supported in NR.
Proposal 6: The dynamic HARQ-ACK codebook size can be based on the counter DAI and total DAI:
· Counter DAI is the index of scheduled PDSCHs until 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 7:  Minimum processing delay, number of HARQ processes supported, and soft buffer size could be UE-category specific

6 Number of HARQ Processes

The number of HARQ processes for a stop-and-wait HARQ protocol depends on the HARQ round trip time (RTT).  In turn, the HARQ RTT depends on the HARQ-ACK feedback duration, and processing times at both transmitter and receiver.  Furthermore, HARQ RTT needs to take into account wide range of deployment scenarios such as the cell size and any front haul delays on the network size when the baseband unit is not collocated with the radio unit as these factors determine how the timing advance affects UE processing time. In addition, TDD operation needs to also consider the available transmission opportunities in either transmission direction.
The most stringent case for NR is the self-contained structure depicted in Figure 3. 
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Figure 3 Illustration of self contained slot showing that a minimum of 2 HARQ processes may be required for non-zero receiver processing time after end of reception
Here a slot of 14 symbols is shown with [1, 11, 1, 1] symbols for DL control, DL data, GP and UL control respectively. Even with front-loaded DMRS to facilitate symbol-level pipeline processing there is still non-zero additional processing time after receiving the data or control transmission. Therefore, for DL HARQ-ACK it may not be possible to immediately send a retransmission in the very next slot. Therefore, to maintain continuous transmission to a single UE, at least 2 HARQ processes are required. 
Note that this scenario shown in Figure 3 is the best case scenario in terms of minimizing the number of HARQ processes. Furthermore, the GP must account for the additional processing time at the UE, DL-UL switching time and timing advance. This also places a limit on the cell sizes that can support the self contained slot structures. Therefore, the number of HARQ processes in NR should be configurable based on use case.
Proposal 8: The number of HARQ processes in NR should be configurable to support different use cases and deployment scenarios.

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 1 ms.  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 processing time and number of HARQ processes required for NR operation. Our proposals are summarized as follows: 
Proposal 1: A default value of HARQ timing can be predefined and mapped to one of values indicated in a HARQ timing field of a DCI scheduling a DL assignment.
Proposal 2: For HARQ timing indication, slot and symbol based HARQ timing indication can be separately configured.
Proposal 3: For semi-static DL-UL configuration in NR, either fixed HARQ timing can be defined or a unified dynamic HARQ timing design can be adopted regardless of whether or not a semi-static UL-DL configuration is provided to a UE. 
Proposal 4: NR specifies a generic HARQ-ACK multiplexing mechanism that enables HARQ-ACK multiplexing of multiple data transmissions with varying TTI durations, for different numerologies and in one or more serving cells.

Proposal 5: Both semi-static HARQ-ACK codebook determination and dynamic HARQ-ACK codebook adaptation should be supported in NR.
Proposal 6: The dynamic HARQ-ACK codebook size can be based on the counter DAI and total DAI:
· Counter DAI is the index of scheduled PDSCHs until current slot/mini-slot;
· Total DAI is the total number of PDSCHs needs to be acknowledged in the same feedback occasion.
Proposal 7:  Minimum processing delay, number of HARQ processes supported, and soft buffer size could be UE-category specific

Proposal 8: The number of HARQ processes in NR should be configurable to support different use cases and deployment scenarios.

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