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1 Introduction

This contribution considers HARQ operation, including HARQ process determination considering the processing time, HARQ-ACK timing indication, and HARQ-ACK feedback design for single cell operation. The HARQ-ACK feedback for CA is discussed in our companion contribution [1]. 

2 HARQ process 
The following were agreed in RAN1 Ad-hoc#3 meeting related to the number of HARQ-ACK process and HARQ RTT in NR.  
Agreements:
· For a set of operation conditions, two minimum (K1, K2) values representing two different UE capabilities are supported at least for slot-based scheduling
· Note: each of the minimum (K1, K2) is based on assumptions of a respective UE turn-around times (N1, N2)
· FFS the set of operation conditions (e.g., SCS, DM-RS locations, etc.)
· FFS detailed signalling of UE capability based on (N1, N2) or (K1, K2)
Agreements:
· The set of operation conditions at least include the contents & the notes of Table 1 and the 1st column and the 1st row of Table 4 & Table 5 in R1-1716865 

· The values in Table 4 can be used as a starting point for further discussion for one of the two UE capabilities at least for slot-based scheduling

· Note: the values for 60kHz and 120kHz are less mature

· The values in Table 5 can be used as a starting point for further discussion for the other of the two UE capabilities at least for slot-based scheduling

· Note: these values are less mature than those in Table 4

For UE scheduling in consecutive slots, the number of HARQ processes should be determined by the HARQ RTT. For example, if the HARQ RTT is 8 slots, then the number of HARQ processes for a UE should be at least 8 for contiguous data scheduling. The minimum processing delay and HARQ RTT depends on the UE capability, where the capabilities are for the minimum processing time of K0, K1, K2. The important issue is the maximum value supported in NR specifications regarding the minimum UE processing time. This also affects the required soft buffer size for a UE. Although the LTE value of K1=4 can be reduced, it is preferable to not mandate such reduction for all UE categories in Phase I. The network can account for other delays such as fronthaul/backhaul, propagation, etc. When processing delay and HARQ RTT are discussed, the baseline for Phase 1 can be the timing of LTE.

The minimum HARQ RTT is dependent on processing time, timing advance, and so on. It was agreed that HARQ-ACK and UL scheduling timing can be indicated by higher layer signaling, L1 signaling, or both. Therefore, HARQ RTT can be variable and, to maximize soft buffer utilization, the maximum number of HARQ processes may need to also be variable. 

When we consider the above candidate factors of processing time, NR can support the processing time given by the following table.
Table 1. UE processing time and HARQ timing for slot-based scheduling

	DMRS for CE
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	3
	3

	Front-loaded + additional DMRS
	N1
	Symbols
	12
	12

	Frequency First
	N2
	Symbols
	TBD (depending on prior knowledge of HARQ proc. id) 
	TBD (depending on prior knowledge of HARQ proc. id) 


Proposal 1: The above Table 1 is used for UE processing time of one UE capability.

Regarding the value of N2, a UE needs to prepare for UL data transmission including encoding according the scheduling information in a DCI. In this regards, a value around 10 seems feasible. However, for details, RAN1 needs more study with details of assumption, e.g., UE knowledge of HARQ process ID for retransmission.
3 HARQ-ACK timing indication 
The following were agreed in previous RAN1 meetings related to the HARQ-ACK timing indication in NR.  

Agreements:

· Timing relationship between DL data reception and corresponding acknowledgement can be (one or more of, FFS which ones)

· dynamically indicated by L1 signaling (e.g., DCI)

· semi-statically indicated to a UE via higher layer

· a combination of indication by higher layers and dynamic L1 signaling (e.g., DCI)

· FFS: minimum interval between DL data reception and corresponding acknowledgement

· FFS: common channels (e.g. random access)

Agreements:

· 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
The timing between DL data reception (PDSCH) and corresponding HARQ-ACK is indicated by a field in the DCI from a set of values that are configured by higher layer signaling. When a UE is configured both slot and mini-slot based scheduling, the HARQ-ACK timing can be configured separately considering the mini-slot scheduling may target service with much lower latency than slot scheduling.   
Another open issue is how to determine the HARQ-ACK timing when configured HARQ-ACK timing is not available, for example, during the initial access or RRC reconfiguration. For simplicity, a set of HARQ-ACK timing can be broadcasted via SIB or a default value can be used, e.g., K1 =4 ms as LTE. The same mechanism can be applied to DCI detected in common search space.  
For SPS PDSCH, only the first PDSCH transmission is scheduled by DCI and other PDSCHs are transmitted periodically. The HARQ-ACK feedback timing for SPS PDSCH can be indicated by a field in the DCI of SPS activation. 
Proposal 2: Regarding HARQ-ACK timing, 

· Sets of HARQ-ACK timing values are separately configured by higher layer signaling for slot and mini-slot based scheduling.
· When UE does not know the configured HARQ-ACK feedback timing, the possible values are broadcasted via SIB and indicated by DCI. 
· For SPS PDSCH, the HARQ-ACK feedback timing can be indicated by a field in the DCI of SPS activation.
4 HARQ-ACK feedback 

The following were agreed in previous RAN1 meetings related to HARQ-ACK feedback for single cell operation in NR. 
Agreements:

· The following is supported for NR 

· From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported.
…..
Agreements:
· HARQ-ACK multiplexing for multiple PDSCHs of one or more carriers is supported.
· FFS: in case of CBG-based re-transmission.
For single cell operation, there are two dimensions for HARQ-ACK multiplexing. 

· A time dimension for HARQ-ACK multiplexing across multiple slots/mini-slots. 

· A CBG dimension for HARQ-ACK multiplexing across multiple CBGs. 

In addition, different duration for a transmission can be used in a single NR carrier, when a UE is configured both slot and mini-slot based scheduling. A unified solution supporting all these dimensions should be strived for. 
· Semi-static HARQ-ACK codebook  

In LTE, the UL subframe for HARQ-ACK transmission has a fixed timing relation relative to DL subframe(s) of corresponding PDCCH/PDSCH receptions. To enable more flexible operation and dynamic slot structure, flexible/configurable HARQ-ACK timing is adopted by NR. With flexible HARQ-ACK timing, the HARQ-ACK bundling window size can be variable. The bundling window can be derived from a higher-layer configured range for HARQ-ACK timing, i.e., the start of the window is determined by the minimum value of HARQ-ACK timing while the end of the window corresponds to the maximum value of HARQ-ACK timing. Then, the semi-static HARQ-ACK codebook size is determined by the number of candidate HARQ timings configured by higher-layer signaling, the granularity of PDCCH monitoring occasions in time domain and the PDSCH transmission duration. In addition, the HARQ-ACK codebook size can also be adjusted based on gNB’s indication, e.g., UL-DAI in Rel-8 TDD or RRC configuration. As shown in figure 2, there are 2 bits in DCI to indicate the HARQ-ACK timing (number of candidate HARQ timings = 4), and the set of higher-layer configured timing is 2, 3, 4 and 6. So, for a given UL slot, e.g., #7 UL slot, the associated bundling window consists of DL slot #1,3 and 5. It does not necessarily consists of consecutive DL subframes. And the semi-static HARQ-ACK codebook size is 4. UE generates NACK/DTX for DL slot #1 and #4, and ACK or NACK according to the decoding outcome for DL slot #3 and #5 assuming UE receives the corresponding DL assignment. If gNB configures the bundling window size as 2, the HARQ-ACK codebook size should be 2 rather than 4 wherein UE is not expected to receive more than 2 PDSCHs associated with the same UL slot. 
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Figure 2: bundling window for dynamic HARQ-ACK timing  
A semi-static HARQ-ACK codebook is appropriate in conjunction with the use of block codes, such as RM codes, as the gNB receiver can directly use prior knowledge of some HARQ-ACK information transmitted from a UE (in particular NACK/DTX values corresponding to PDCCH monitoring periods where the gNB did not schedule the UE) and achieve practically the same performance as when the HARQ-ACK codebook is dynamically determined through the use of DAI fields. However, due to use of dynamic HARQ-ACK timing, HARQ-ACK feedback per cell can be for multiple PDSCH transmissions, and due to CBG based retransmissions, HARQ-ACK feedback per slot can be for multiple CBGs. Therefore, it is expected that semi-static HARQ-ACK codebook will typically lead to HARQ-ACK payloads well above 12 bits even with single cell operation. Polar codes are not practically capable of exploiting a-priori information and therefore a semi-static HARQ-ACK codebook with larger payload will often lead to a significant increase in required SINR for achieving a target BLER.
· Dynamic HARQ-ACK codebook  

Dynamic HARQ-ACK codebook determination is desirable for minimizing HARQ-ACK payload and improving resource utilization and coverage. The counter DAI based method from legacy TDD can be a starting point. A DAI is determined/accumulated within a bundling window that can include a variable number of PDSCH transmissions and the last PDSCH transmission can be determined from the HARQ-ACK timing indication in the DCI.  

One issue is whether the functionality of DAI needs to be enhanced in NR when CBG-based HARQ-ACK is supported. Considering the high probability of only retransmitting one or two CBGs of a TB, HARQ-ACK feedback only for scheduled CBGs is good for UL transmission efficiency. Because the number of scheduled CBGs can vary from slot to slot, existing DAI with the granularity of per PDSCH transmission cannot indicate missed CBGs, as shown in Figure 3.  Besides, with dynamic switch to TB-level feedback, e.g., by fallback DCI, the number of HARQ-ACK bits per PDSCH is not fixed even when gNB configures HARQ-ACK feedback per PDSCH according to the configured number of CBGs. Furthermore, if a UE is configured with slot-based scheduling as well mini-slot scheduling, while typically TB-level feedback is more proper for mini-slot scheduling, the number of HARQ-ACK bits per PDSCH may vary from time to time. Thus, the DAI functionality needs to be modified when CBG-based retransmissions are configured, e.g., CBG-level DAI. The number of DAI bits in the DCI may need to be increased subject to a tradeoff between UCI overhead and DCI overhead [2]. 
Proposal 3: Regarding HARQ-ACK multiplexing for single cell operation, 

· The HARQ-ACK bundling window can be derived from a higher-layer configured range for HARQ-ACK timing or be explicitly configured. 

· A semi-static HARQ-ACK codebook size is determined by the bundling window size and the maximum number of HARQ-ACK bits per TB if CBG-based HARQ-ACK feedback is configured.  
· For dynamic HARQ-ACK codebook determination, the DAI-based mechanism of legacy TDD is baseline. CBG-level DAI is introduced for CBG based retransmission. 

[image: image2.emf]DL

N=4 CBGs

#1

4 CBGs

#2

#3

1 CBG

#4

#5

4 CBGs

UL

#1 #2 #3 #4 #5

#6 #7

#6 #7 #8

#9

Detected PDSCH

Unscheduled

DAI= 1 DAI= 2 DAI= 3

Lost one CC,

How many CBGs?

Missed PDSCH


Figure 3: HARQ-ACK ambiguity for dynamic HARQ-ACK codebook {Legacy Counter DAI}
5 Conclusion

This contribution considered HARQ management and feedback, and proposes the following.
Proposal 1: Table 1 is used for UE processing time of one UE capability.
Table 1. UE processing time and HARQ timing for slot-based scheduling

	DMRS for CE
	HARQ Timing Parameter
	Units
	15 KHz SCS
	30 KHz SCS

	Front-loaded DMRS only
	N1
	Symbols
	3
	3

	Front-loaded + additional DMRS
	N1
	Symbols
	12
	12

	Frequency First
	N2
	Symbols
	TBD (depending on prior knowledge of HARQ proc. id) 
	TBD (depending on prior knowledge of HARQ proc. id) 


Proposal 2: Regarding HARQ-ACK timing, 

· Sets of HARQ-ACK timing values are separately configured by higher layer signaling for slot and mini-slot based scheduling.
· When UE does not know the configured HARQ-ACK feedback timing, the possible values are broadcasted via SIB and indicated by DCI. 

· For SPS PDSCH, the HARQ-ACK feedback timing can be indicated by a field in the DCI of SPS activation.
Proposal 3: Regarding HARQ-ACK multiplexing for single cell operation, 

· The HARQ-ACK bundling window can be derived from a higher-layer configured range for HARQ-ACK timing or be explicitly configured. 

· A semi-static HARQ-ACK codebook size is determined by the bundling window size and the maximum number of HARQ-ACK bits per TB if CBG-based HARQ-ACK feedback is configured.  
· For dynamic HARQ-ACK codebook determination, the DAI-based mechanism of LTE eCA is baseline. CBG-level DAI is introduced for CBG based retransmission. 
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