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1	Introduction
Current mobile systems employ Hybrid Automatic Repeat Request (HARQ) procedures to ensure reliable transmissions without using a too low coding rate that would degrade spectral efficiency. In HARQ, the receiver provides feedback about the outcome of the decoding attempt to the transmitter so that further redundancy can be provided if needed. In this contribution we present a HARQ feedback approach to reduce the delay due to the processing time such that in the best case feedback could be provided directly at the end of the same transmission time interval (TTI). In the last meetings following agreements have been made:
Agreements: (RAN1#85)
· NR should support at least asynchronous hybrid ARQ in the DL and UL to avoid fixed timing relationship between initial transmission and re-transmission

Agreements: (RAN1#86bis)
· 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: (RAN1#87)
· Asynchronous and adaptive HARQ is supported for DL

By breaking up the fixed timing relationship between initial transmission and retransmission, incremental redundancy can be provided earlier for certain use cases, as ultra-reliable low-latency communication (URLLC). However, in state-of-the-art HARQ procedures the minimum HARQ delay, time between initial transmission and retransmission, is lower bounded by following parameters: propagation time, processing time of UE and processing time of eNB. The most critical parameter is the processing time of UE which should be reduced significantly to lower the HARQ delay.
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The delay compromised mainly by the processing time of the UE, can be a bottleneck especially for for ultra-reliable low-latency communication (URLLC) use case which is one of the major scenarios for New Radio (NR). HARQ is a mechanism to achieve reliability while not degrading spectral efficiency in communication systems. After the receiver has received the whole codeword from the transmitter, it tries to decode the received codeword. Based on an embedded check sum the receiver can determine the outcome of the decoding attempt and report it to the transmitter by sending an acknowledgment (ACK) or negative-acknowledgement (NACK). This report from the receiver to the transmitter is designated as HARQ feedback. 
In Rel-8 LTE, the HARQ feedback is transmitted after 4 ms. This time includes the processing time and timing advance (TA). For sake of symmetry the same timing has been assumed for UE and eNB. The HARQ feedback is transmitted in subframe n+4. In Shortened TTI and Processing Time Work Item [2], it has been agreed to allow capable UEs to transmit the HARQ feedback in subframe n+3. No consensus was reached on transmitting feedback in subframe n+2. In 5G NR, a more flexible structure on TTI length scale is expected to meet the variety of requirements.

However, the propagation delay cannot be reduced since it is a function of the physical distance between transmitter and receiver. Mainly, the processing time at the UE can be reduced by performing a low-complexity prediction of decodability of the received codeword. This also implies mispredictions such that an optimal tradeoff has to be found for practical applications. Further reduction can be achieved by performing the prediction based on a portion of a codeword (number of OFDM symbols) such that feedback can be provided significantly earlier. In the best case, feedback can be provided directly after full reception of the TTI which would correspond to a processing time of zero. This case can be met if following constraint can be achieved

where  is the TTI duration,  is the time of the symbols used for evaluation,  is the processing time and  is the timing advance.
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To reduce HARQ delay for URLLC applications, feedback can be provided earlier than LTE HARQ. Earlier feedback can be obtained based on low-complexity evaluations of the received Log-Likelihood Ratios (LLRs). This can be either done on the whole codeword or on portions of the codeword which are received in the first OFDM symbols. Hence, feedback can be provided earlier.
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Figure 1 shows the comparison of HARQ feedback delays. The regular HARQ delay consists of the processing times at the UE and eNB and propagation delays. By employing an early HARQ scheme (e.g. as proposed [1]) the processing time can be reduced as shown in Figure 1. Further reduction of the processing time can be achieved by providing HARQ feedback based on a portion of the codeword, in the following referred to as aggressive early HARQ.

Observation 1 – Aggressive early HARQ can provide a further reduction of HARQ delay.
Since especially URLLC has challenging requirements, aggressive early HARQ could bring a significant gain in means of HARQ delay. This would improve the over-the-air latency of packets significantly compared to regular and early HARQ feedback. However, prediction comes at cost of misprediction wherease the false positive misprediction is much more critical for URLLC applications. False positive prediction is if the receiver predicts the codeword decodable but it is not. This problem could be solved by using the regular HARQ to work on top of early HARQ schemes. Still would either require a retransmission implying all the delay costs due to the regular HARQ or the transmission would be lost due to latency constraints. In the appendix some evaluations on the tradeoff between false positive and false negative prediction has been performed. However, the tradeoff can be chosen in an optimal way such that the system performance is not degraded.

Observation 2 – Misprection has to be considered for aggressive early HARQ and an optimal tradeoff between false positive and false negative misprediction has to be found.

As shown in the Appendix, the misprediction of using aggressive early HARQ is only slightly increased compared to early HARQ, in case a sufficient portion of the codeword is evaluated. Thus, the HARQ delay can be reduced without degrading the performance significantly. This could allow to achieve an even lower over-the-air-latency for use cases such as URLLC.

Observation 3 – Prediction performance is not significantly degraded compared to early HARQ if a sufficient portion of the codeword is used for evaluation. The prediction performance of aggressive early HARQ needs to be evaluated for the different coding solutions.

4	Conclusion
Observation 1 – Aggressive early HARQ can provide a further reduction of HARQ delay.

Observation 2 – Misprection has to be considered for aggressive early HARQ and an optimal tradeoff between false positive and false negative misprediction has to be found.

Observation 3 – Prediction performance is not significantly degraded compared to early HARQ if a sufficient portion of the codeword is used for evaluation. The prediction performance of aggressive early HARQ needs to be evaluated for the different coding solutions.

From the oberservations we can draw following proposals:
Proposal 1 – Aggressive early and early HARQ schemes should be studied to reduce the over-the-air latency in NR.
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Appendix
Here, we show some simple evaluations of prediction accuracy based on LLR evaluation of the codeword. The predictor can be tuned in means of minimizing false positive or false negative misprediction which is the tradeoff of prediction.
Figure 2 shows the tradeoff between false positive and false negative misprediction for different fractions of the codeword. It can be clearly seen that the prediction accuracy can be improved significantly from 2/3 to 3/4 (aggressive early HARQ) but only slightly when going to 1/1 (early HARQ). Hence, aggressive early HARQ feedback can provide gains in means of HARQ delay without increasing the false positive and false negative misprediction significantly compared to early HARQ, if a sufficient portion of the codeword is considered for prediction.
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