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Introduction
In this contribution, the timing of HARQ-ACK used to acknowledge downlink data is considered. Relevant agreements in previous meetings are summarized below. 
In RAN1 NR Ad Hoc meeting in January, the following agreements related to timing indication were achieved:
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
Moreover, in RAN1 #88, the following agreement is further achieved:
Agreements:
· When a UE transmits PUSCH/PUCCH or receives PDSCH based on DCI detected in group common search space, UE applies one of FFSs: default value or value provided by SIB and/or value signalled in DCI. 
· This applies at least for following.
· PDCCH to PDSCH time difference
· PDCCH to PUSCH time difference
· PDSCH to PUCCH time difference
· In case of DCI, FFS whether some entries is modified by UE specific RRC message.
· Note that this agreement does not preclude to include values provided by SIB also in UE specific RRC configuration.
From a latency perspective, the HARQ-ACK feedback timing between the reception of data and transmission of the HARQ-ACK should be as short as possible. Meanwhile, an unnecessarily short time would increase the demand on the processing capacity. A trade-off between latency and implementation complexity is required. 

Timing of HARQ-ACK
An UE receives configuration information from the network about the timing relation between the reception of PDSCH and transmission of the HARQ-ACK in the uplink. The timing relation is indicated by an integer K1, where the HARQ-ACK is transmitted in the (n+K1)-th slot if the associated PDSCH is received in the n-th slot.
The determination of the HARQ timing should consider the trade-off between latency and implementation complexity. If the timing is short, an UE may not be able to send the HARQ-ACK in time because the timing requirement exceeds the processing capability of the UE. 
Transmission of HARQ-ACK in the uplink in response to downlink data transmission is illustrated in Figure 1, where it is assumed the HARQ round-trip time (RTT) is 8 slots. 
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Figure 1. Timing relation between PDSCH in slot 0 and uplink HARQ-ACK in slot 4
In the figure, the PDSCH is transmitted to the UE in slot 0. After the propagation delay Tprop, the downlink data is received by the UE in slot 0. The UE decodes the received signal and transmits the corresponding HARQ-ACK in uplink slot 4. Note that the HARQ-ACK is transmitted at the latter part of uplink slot 4, and the start of an uplink slot at the UE is offset by TA roughly equal to 2 Tprop relative to the start of the corresponding downlink slot at the UE due to the timing advance procedure. Upon reception of the HARQ-ACK, the gNB can, if needed, retransmit the downlink data in slot 8. Thus, the HARQ RTT is equal to the duration of 8 slots. From Figure 1, it is seen the timing requirement for HARQ-ACK feedback is equal to ‘Duration of 5 slots – TA – Duration of HARQ-ACK’. More specifically, the requirement is ‘Duration of (1+m/2) slots – TA – Duration of HARQ-ACK’ when the HARQ RTT is equal to the duration of m slots. 
To feedback HARQ-ACK, the behaviors the UE needs to perform include demodulation and decoding of PDCCH, demodulation and decoding of PDSCH, encoding of the HARQ-ACK, and switching from downlink reception to uplink transmission. 
Whether the UE can feedback HARQ-ACK in time depends on a number of factors. Some examples are given in the following. 
· The UE processing time is proportional to the number of configured component carriers. 
· The UE processing time is also proportional to the duration of the downlink control channel. Thus, the HARQ timing requirement for the UE is stricter when the duration of the downlink control channel is longer.
· The HARQ timing requirement for the UE is less strict when the subcarrier spacing is smaller. This is because a smaller subcarrier spacing leads to a longer OFDM symbol duration.
· The HARQ timing requirement for the UE is less strict when the number of OFDM symbols in a slot is larger. 
· The HARQ timing requirement for the UE is less strict when the number of OFDM symbols of the HARQ-ACK is smaller.
· The HARQ timing requirement for the UE is less strict when the timing advance has a shorter duration.
· The HARQ timing requirement for the UE is stricter when time-domain interleaving is applied in the downlink data channel. This is because UE pipeline processing is less applicable when time domain interleaving is applied in the downlink data channel.
· The HARQ timing requirement for the UE is stricter when the resource element mapping of the downlink data channel is time first. This is because UE pipeline processing in time is less applicable when time domain interleaving is applied in the downlink data channel.
Observation 1: The parameters relevant to the processing time to generating HARQ-ACK include 
· the number of configured component carriers;
· the number of OFDM symbols in the CORESET;
· the subcarrier spacing;
· the number of OFDM symbols in a slot;
· the number of OFDM symbols in HARQ-ACK;
· the duration of timing advance;
· whether or not the time-domain interleaving is applied in the downlink data channel;  
· whether or not the resource element mapping of the downlink data channel is time first.
Based on the discussion above, the specification on the transmission of HARQ-ACK can follow the rule below.  
1. Some parameters relevant to the processing time of generating the HARQ-ACK are chosen. Some examples of the parameters are listed above. 
2. Given a subcarrier spacing, some conditions for the chosen parameters are defined for each value of K1. The conditions are relevant to whether the HARQ-ACK can be sent out in time
3. If the condition in Step 2 of the chosen parameters is met, then the UE transmits the HARQ-ACK according to the value of K1. 
4. Otherwise, the UE does not transmit HARQ-ACK.   
Proposal: Given a subcarrier spacing, some conditions relevant to whether the HARQ-ACK transmission can be ready in time are defined for each value of K1. If the conditions are met, then the UE transmits the HARQ-ACK according to the value of K1. Otherwise, the UE does not transmit the HARQ-ACK.
Benefit of Short HARQ-ACK Feedback Latency 
It has been identified in the study of LTE latency reduction techniques that latency improvements have potential gains on reduced response time and improved TCP throughput [1]. There are multiple components contributing to the total end-to-end delay for UEs. Examples of sources to DL latency include TTI, processing time, HARQ RTT, latency in the core network and Internet connections, and so on. The latency reduction techniques include those for protocol enhancements and shortened TTIs. Therefore, to reduce the end-to-end latency, all of the latency contributors should be taken into account. Targeting only on a small set of contributors and pushing them to the limit is not useful. 
Moreover, it is expected that the latency reduction performance from each of the latency contributors is environment dependent. For example, in [2], system-level performance is evaluated for TCP throughput enhancement with shortened TTI. It is observed the latency reduction from shortened TTI is visible only for some certain environments, e.g., lightly loaded network, very low core network delay, small file size, and small packet arrival rate. 
From the latency reduction perspective, it is beneficial to tighten the HARQ-ACK feedback timing in NR compared with LTE. However, as mentioned, there are multiple end-to-end latency contributors, and pushing only a small set of them to the limits is not useful. Therefore, analysis on trade-off between latency and implementation complexity is required. Unnecessarily short time which significantly increases the demand on the processing capacity should be avoided.  
Observation 2: There are multiple components contributing to the total end-to-end delay. The latency reduction performance from each of the latency contributors is environment dependent. Targeting on HARQ-ACK feedback latency and pushing it to the limit is not useful. 
Conclusion
In this contribution, the timing of HARQ-ACK used to acknowledge downlink data was discussed. We have the following observation and proposal.
Observation 1: The parameters relevant to the processing time to generating HARQ-ACK include 
· the number of configured component carriers;
· the number of OFDM symbols in the CORESET;
· the subcarrier spacing;
· the number of OFDM symbols in a slot;
· the number of OFDM symbols in HARQ-ACK;
· the duration of timing advance;
· whether or not the time-domain interleaving is applied in the downlink data channel;  
· whether or not the resource element mapping of the downlink data channel is time first.
Proposal: Given a subcarrier spacing, some conditions relevant to whether the HARQ-ACK transmission can be ready in time are defined for each value of K1. If the conditions are met, then the UE transmits the HARQ-ACK according to the value of K1. Otherwise, the UE does not transmit the HARQ-ACK.
Observation 2: There are multiple components contributing to the total end-to-end delay. The latency reduction performance from each of the latency contributor is environment dependent. Targeting on HARQ-ACK feedback latency and pushing them to the limit is not useful.
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