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1
Introduction
Current mobile communications systems such as LTE have a rather simple and unique hybrid automatic repeat request (HARQ) functionality that is applied for all services. For the 5G NR we argue towards having a user-centric HARQ configuration in coherence with its service requirements as a mean to more efficiently optimize the end-use performance. In the contribution we present HARQ enhancements for low-latency use cases in the form of early HARQ feedback. Our starting point is the following agreements from RAN1#85:

· R1-165840: NR should support at least asynchronous hybrid ARQ in the DL and UL to avoid fixed timing relationship between initial transmission and re-transmission
· R1-165662: At least the following is supported for NR frame structure 
· Following timing relationships are indicated to a UE dynamically and/or semi-statically
· Timing relationship between DL data reception and corresponding acknowledgement
· Timing relationship between UL assignment and corresponding UL data transmission
· Following timing relationship is FFS whether fixed and/or dynamically and/or semi-statically indicated
· Timing relationship between DL assignment and corresponding DL data reception
· For above two sub-bullets, the potential values for each timing relationship has to be studied further considering e.g., UE processing capability, gap overhead, UL coverage, and etc.
· Default value, if any, for each timing relationship is FFS.
The flexibility of setting dynamically and/or semi-statically the HARQ timing relationships can enable the usage of an early feedback, whose potential is discussed in this contribution. 

Section 2 motivates the usage of an early HARQ feedback, while Section 3 describes its enabler. Section 4 discusses the impact of non-idealities.  Section 3 concludes the contribution with a set of observations and proposals.
2
Motivation for early HARQ feedback
The HARQ latency can be defined as the time between the transmission of consecutive codewords for a certain stop-and-wait (SAW) channel upon correct reception, and depends then on the Round Trip Time (RTT) of each (re)transmission. URLLC services demand very short over-the-air latencies, e.g. below 1 ms. For short-coverage UEs, the processing time is recognized as the main bottleneck of the HARQ RTT, and is mainly dominated by the decoding procedure at the receiver. In case of traditional turbo codes as used in current LTE standard, the decoding can take up to 60% of the processing time. Predicting the decoder's outcome before decoding allows reducing the time for generating the ACK/NACK message, translating to a reduction of the RTT and therefore or the overall HARQ latency. 
Further, for the same average latency, early HARQ feedback allows to operate at more aggressive rates than regular feedback. HARQ settings include Block Error Rate target (BLERt) at first transmission as well as a maximum number of transmissions Kmax. Configurations like (BLERt=1%, Kmax=2) lead to selection of low order modulation and coding scheme and low latency, while configurations like (BLERt=30%, Kmax=8) lead to aggressive rates at the expense of higher latency. Using an early feedback allows using aggressive rate configurations without compromising the latency. For instance, it is estimated in [1] that same (or lower) average latency can be achieved by using configuration (BLERt=10%, Kmax=4) with early feedback, or configuration (BLERt=1%, Kmax=2) with regular feedback, the former one benefiting from higher spectral efficiency.  

In general, as agreed in R1-165662, the BS indicates to the UE the timing relationship between DL data reception and corresponding acknowledgement, eventually asking implicitly for an early feedback.
· Observation 1: Predicting the success of the decoder before decoding occurs, enables the usage of an early feedback, which can reduce the overall HARQ latency. In case of a predefined average latency target, early HARQ feedback allows to operate at more aggressive rates than regular feedback. 

In general, the effective potential of early feedback depends on the system numerology  and UE conditions. It can be easily observed that early feedback can reduce the latency in case at least one of the following conditions are satisfied:

- The processing time for the entire detection is not significantly lower than the TTI duration.

- The propagation delay is a non-negligible parameter in the latency budget, and timing advanced is used in the uplink.

· Observation 2: The early feedback has the potential of reducing the latency for short TTIs, and/or in case timing advance is used to compensate a large propagation delay.  
3
Enabling the early HARQ feedback

An early HARQ feedback can be obtained by predicting the outcome of the decoder before decoding occurs. The decoder’s outcome can be predicted upon reception of a certain TTI, as soon as operations such as FFT, equalization and demodulation are performed, and a soft estimate of the uncoded bits is obtained.  

In a more advanced implementation, the prediction can be done upon reception of a portion of the TTI, e.g. only a limited number of multicarrier symbols. This is meant to further reduce the RTT.
· Observation 3: The early feedback can be generated upon reception of an entire TTI, or even a portion of a TTI.

The techniques presented in literature for predicting the decoder’s outcome are based on the estimation of the bit error rate (BER) starting from the likelihood ratios of the bits at the input of the decoder. In [2], the BER is estimated from the mean and the variance of such likelihood ratios, and different ML estimators are applied. Predictions are based on a Gaussian approximation of the likelihood ratios and the performance tends to degrade as soon as their distribution deviates from such approximation. Further, such an approach requires the calculation of a computational expensive erfc function at the receiver. A technique based on neural networks is presented in [3], with the focus on estimating the presence of errors after at least few turbo decoder iterations. In [4], an empirical solution based on the definition of a reliability factor is proposed and evaluated for different channel models; however, no criterion for the definition of a success threshold is presented and results show miss-prediction rates up to 90%.

A new simple technique has been proposed in [1]. Similarly to the approach in [4], it is also based on the likelihood ratios of the detected bits, which are then mapped to an uncoded BER estimate. The Block Error Indicator (BLEI) is then estimated from reference curves obtained for specific codes. Though performance is evaluated for turbo codes, the same principle can be generalized to other coding solutions. Results show the capability of the proposed technique in correctly estimating the output of the decoder in more than 90% of the cases, though a non-negligible rate of wrong estimates persists. Improvements for the prediction technique can obviously be pursued, but it is unrealistic to assume that wrong predictions will never occur. A wrong prediction rate should then be considered for assessing the effective potential of an early HARQ feedback concept. 

· Observation 4: Predicting the decoder’s outcome is error-prone, and the occurrence of wrong predictions should not be disregarded when assessing the gains of early HARQ feedback.
3
Impact of wrong predictions of the decoder’s outcome

Predicting the decoder’s outcome for enabling an early HARQ feedback is unfortunately error prone. In particular, false positives (FPs) and false negatives (FNs) may occur. FPs occur when an early ACK message is generated for a TTI which is not going to be correctly decoded. FNs occur instead when an early NACK is generated for a TTI which is going to be correctly decoded. In the following, we will describe the impact of such false estimates assuming two different operational modes: the one when only the early feedback is transmitted, and the one where both early and regular feedback are transmitted.

3.1 Only early feedback transmitted
This mode is meant to reduce the overall feedback signaling by eliminating the regular feedback. In this case, when a FP occurs, the BS assumes that a transmitted codeword has been correctly detected at the receiver. Upon reception of a wrong ACK, the BS will transmit the next codeword for a certain SAW channel. FPs leads therefore to an increase of the outage probability since the codeword which has not been correctly detected is not retransmitted by the HARQ process (retransmissions at higher layers will eventually take care of it). However, FPs do not harm the HARQ latency.

In the case of FNs, the base station is instead retransmitting codewords, which are correctly decoded. Since there is no possibility of signaling that the prediction was incorrect, the ACK will only be signaled upon retransmission of the codeword. This leads to a latency increase, as shown in Figure 1(a).
· Observation 5: In case only the early feedback is transmitted, false positives leads to an increase of the outage probability, but do not harm the latency. Conversely, false negatives may harm the latency. 
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Figure 1.Impact of FNs in case only the early feedback is transmitted (a) and FPs in case both early and regular feedback are transmitted (b) for a certain codeword (CW).

3.2 Both early and regular feedback transmitted

The usage of the regular feedback aims at confirming previous signaling or at correcting wrong predictions. The same feedback field can contain, for instance, an early feedback message along with the regular feedback of a previously transmitted codeblock. The dimensioning of the feedback messages and their mapping over the radio resources is object of future work.

When a FP occurs, the BS will be transmitting the next codeword for the same SAW channel, as shown in Figure 2(b). Upon reception of the regular feedback, the BS will, however, realize that the former codeword was not correctly detected, and it will retransmit it in the next opportunity. FPs leads then to an increase of the latency.

The presence of FNs leads to unnecessary retransmissions, and therefore to a spectral efficiency loss. However, since the regular feedback is able to correct the wrong estimate, latency and outage probability are not harmed.
As also highlighted in Figure 2(b), FPs in case both early and regular feedback are transmitted, have a lower impact than FNs in case only early feedback is transmitted.
· Observation 6: In case both early and regular feedback are transmitted (where the regular feedback confirms or correct the early feedback), false positives may increase the latency, while false negatives only lead to unnecessary retransmissions.
Initial numerical results for this option are presented in the appendix.
3
Conclusion
The contribution is summarized by the following observations:
· Observation 1: Predicting the success of the decoder before decoding occurs, enables the usage of an early feedback, which can reduce the overall HARQ latency. In case of a predefined average latency target, early HARQ feedback allows to operate at more aggressive rates than regular feedback. 

· Observation 2: The early feedback has the potential of reducing the latency for short TTIs, and/or in case timing advance is used to compensate a large propagation delay.  
· Observation 3: The early feedback can be generated upon reception of an entire TTI, or even a portion of a TTI.

· Observation 4: Predicting the decoder’s outcome is error-prone, and the occurrence of wrong predictions should not be disregarded when assessing the gains of early HARQ feedback.
· Observation 5: In case only the early feedback is transmitted, false positives leads to an increase of the outage probability, but do not harm the latency. Conversely, false negatives may harm the latency. 
· Observation 6: In case both early and regular feedback are transmitted (where the regular feedback confirms or correct the early feedback), false positives may increase the latency, while false negatives only lead to unnecessary retransmissions.
Such observations result in the following proposals: 

· Proposal 1. The use of Early HARQ feedback based on decoder predictions is a promising technique that shall be included in the forthcoming studies for HARQ timing and frame design.
· Proposal 2. Applicability of Early HARQ feedback for different coding schemes, as well as the sensitivity to early decoder prediction errors shall be further studied. Preferably by agreeing on a common set of evaluation assumptions for such studies. 
While aspects related to the prediction technique have relation to RAN working group 1 topics, the design of the early feedback field and its timing have mainly relation to RAN working group 2.
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Appendix

We show here a preliminary evaluation of the potential of early HARQ feedback in terms of latency reduction, considering the option when both early and regular feedback are transmitted. A TTI duration of 0.125 ms is assumed, composed of 2 multicarrier symbols. For the early feedback case, it is assumed that the prediction of the decoder outcome is performed upon reception of half a TTI, and a false positive rate of 2% is assumed; this is compliant with the prediction accuracy results presented in [1]. A BLER target of 10% is considered, and the maximum number of retransmissions is set to 4.

The former values have been estimated by considering the needed Signal-to-Noise Ratio (SNR) for decoding a feedback message transmitted with QPSK modulation and 1/3 coding rate, assuming UEs at different distances. In particular, the case of short, medium and high coverage refers to ACK/NACK duration of 0.0625 ms, 0.5 ms and 1 ms, respectively.
A 2% FP occurrence is also considered. This is compliant with the prediction accuracy results presented in [1]. The entire processing time at both UE and BS is set to 0.1 ms. Figure 2 displays the probability of having a larger HARQ latency than the value on the x-axis. Regular feedback and early feedback options are denoted as Regular FB and Early FB, respectively. The relative latency reduction of the early feedback option is also highlighted in the figure. As expected, latencies are lower for short coverage UEs, and increase up to around 2.7 ms at 1% probability for the high coverage UE and regular feedback. In general, early feedback has higher potential for short coverage UEs. The initial results show that significant latency benefits can be preserved even for a realistic occurrence of FPs.  
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Figure 2. Latency performance of regular feedback and early feedback.
