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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 :

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)

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 5 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 transport blocks for a certain HARQ process 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 UEs close to the BS, the processing time can be a bottleneck of the HARQ RTT. The decoding procedure at the receiver is a significant term of the overall RTT budget. 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 potential reduction of the RTT and therefore the overall HARQ latency.
· 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. 
The following agreement has been made in RAN#86bis:

· The channel coding scheme for eMBB data is LDPC, at least for info block size > X
· FFS until RAN1#87 one of Polar, LDPC, Turbo is supported for info block size of eMBB data <= X
· The selection will focus on all categories of observation, including overall implementation complexity, regardless of the number of coding schemes in the resulting solution (except if other factors are generally roughly equal)
· X is FFS until RAN1#87, 128 <= X <= 1024 bits, taking complexity into account
· The channel coding scheme(s) for URLLC, mMTC and control channels are FFS
  While latency and complexity of turbo codes are affected by the sequential decoding, LDPC codes enables parallel decoding with the promise of significantly reducing such latency. This comes at the expenses of a reduced flexibility, e.g. in setting the coding rate.
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Figure 1. Early feedback transmission
The potential of an early feedback in reducing the HARQ latency is then significantly dependent on the processing time for a specific coding scheme, as well as on the UE conditions and the system numerology. Figure 1 depicts the time diagram of a generic downlink transmission. A certain Transport Block (TB) is transmitted by the Base Station (BS) in a Transmission Time Interval (TTI), and received at the UE with an offset due to the propagation delay. It is also assumed that the UE transmits with a certain negative offset due to the timing advance. Upon reception of the TTI, the receiver processing starts. In case of a regular processing, the receiver might not have sufficient time to complete the decoding prior to the next available uplink TTI, such that it would need to delay its ACK/NACK feedback transmission. In case an early prediction of the decoder success is available in a shorter time, the feedback transmission can be transmitted the next upilink opportunity, as shown in the figure. This allows reducing the HARQ RTT. From the figure it can be easily observed that the early feedback allows reducing the HARQ RTT in case the following condition is fulfilled:

Tproc>TTTI-2τ


(1)
where Tproc denotes the regular processing time, TTTI is the TTI duration, and τ is the propagation delay.
In case Eq.(1) is not fulfilled, there is no benefit in predicting the decoder output since the regular processing time is already sufficiently short for avoiding to miss the next uplink feedback transmission opportunity. 
· Observation 2. The early feedback has the potential of reducing the HARQ latency only in case the processing time is not lower than the TTI duration and/or for coverage limited UEs. The effective value of the early feedback needs then to be evaluated for the different coding solutions agreed in RAN#86bis.
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 OFDM symbols. It can be easily shown that such options allow to transmit the feedback even before the entire TTI is received (e.g. at the beginning of the second uplink TTI in Figure 1) in case the following condition is satisfied:
Tearly<TTTI-2τ-nTs


(2)

where Tearly is the processing time for generating the early feedback, and nTs denotes the number of received OFDM symbols over which the prediction is performed (n<M, where M is the number of multicarrier symbols per TTI). 
· Observation 3: The early feedback can be generated upon reception of an entire TTI, or even a portion of a TTI.

Several techniques for predicting the decoder’s outcome, specifically for turbo codes, have been proposed in the literature. They are typically 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 [1], 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 [2], with the focus on estimating the presence of errors after at least few turbo decoder iterations. In [3], 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 [4]. Similarly to the approach in [3], 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.
It is worth to mention that, in the context of non-self-contained operation, since the feedback cannot be transmitted before the beginning of the successive uplink TTI (see the “deadline for feedback generation” in Figure 1), some extra-time may be available at the UE for eventually improving the estimate of the decoder’s outcome. For instance, in case of turbo codes, a limited number of iterations can be performed for increasing the reliability of the bits’ likelihood ratios. This is expected to further reduce the occurrence of wrong estimates.

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. 
Let us consider the case in which only an early feedback is transmitted, i.e. there is no possibility of correcting the wrong feedback due to prediction errors. 

When a FP occurs, the BS assumes that a transmitted transport block has been correctly detected at the receiver. Upon reception of a wrong ACK, the base station will transmit the next transport block for a certain HARQ process. FPs leads therefore to an increase of the outage probability since the transport block which has not been correctly detected is not retransmitted by the HARQ process (retransmissions at higher layers will eventually take care of it). 

In the case of FNs, the base station is instead retransmitting the transport blocks, 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 transport block. This leads to waste of resources and possibly a latency increase for later packets, as shown in Figure 2.

· Observation 5: False positives leads to an increase in latency and the outage probability. Conversely, false negatives result in waste of resources and may also harm the latency. 
FPs have to be considered more critical than FNs, since a significantly high outage probability at physical layer would lead to higher layer retransmissions, compromising the possibility of achieving attractive latencies. Conversely, the latency increase of FNs is limited at physical layer retransmissions. 

Even though in case of realistic BLER targets the occurrence of FNs would be higher than the occurrence of FPs, it is worth to achieve better robustness to the latter due to the aforementioned criticality.

Prediction techniques, e.g. in [4], define a metric associated to the likelihood ratios of the demodulated bits, and decides for an ACK/NACK on a threshold basis mechanism. As shown in Figure 3, FPs and FNs are due to the tails of the metric distribution which falls in the opposite region then the prediction outcome. Since FPs and FNs are mutually exclusive, the decision threshold can be set such that FPs are minimized, at the expenses though of an increase of less-critical FNs. 
· Observation 6. The prediction technique should be designed by prioritizing the reduction of false positives.
Initial numerical results for this option are presented in the appendix.
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Figure 2. Impact of false negatives on the latency
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Figure 3. Positioning of the prediction threshold for minimizing false positives.
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. 
· Observation 2. The early feedback has the potential of reducing the HARQ latency only in case the processing time is not lower than the TTI duration and/or for coverage limited UEs. The effective value of the early feedback needs then to be evaluated for the different coding solutions agreed in RAN#86bis.

· 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: False positives leads to an increase of the outage probability. Conversely, false negatives may harm the latency. 
· Observation 6. The prediction technique should be designed by prioritizing the reduction of false positives.

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. 
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Appendix

We show here a preliminary evaluation of the potential of early HARQ feedback in terms of latency reduction. A TTI duration of 0.125 ms is assumed. The processing time for regular detection at BS/UE is set to 0.125 ms. The feedback duration is set to 0.0625 ms (short coverage UEs). For the early feedback case, it is assumed that the prediction of the decoder outcome is performed upon reception of the entire TTI, and false negative rates of 2% and 10% is assumed. A false negative rate of 10% is a rather pessimistic case, while the 2% case is compliant to the initial findings in [4]. A BLER target of 10% is considered, and the maximum number of retransmissions is set to 4.

Figure 4 displays the probability of having a larger HARQ latency than the value on the x-axis, assuming different feedback types. The presence of FNs increases the probability of a first retransmission, but still achieves latency benefits at low probability. For instance, at 10-5 probability, latency of the early feedback with 2% FN rate is still lower than the one of regular feedback. Improving the reliability of the decoder prediction by further minimizing such wrong estimates (including false positives) is a valid research direction for an enhanced HARQ concept.
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Figure 2. Latency performance of regular feedback and early feedback.
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