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1. Introduction
Hybrid ARQ (HARQ) is one of the several indispensable physical layer techniques in modern wireless communication systems. HARQ also continues to play a key role in 5G NR for providing higher spectral efficiency and transmission reliability. Compared with LTE-A, a faster, more dynamic HARQ is expected to be standardized in NR. It has been agreed in RAN1 #87 that [1]:
Agreements:
· At least an UL transmission scheme without grant is supported for URLLC
· Resource may or may not be shared among one or more users 

· FFS: resource configuration details

· FFS other details of design
· Asynchronous and adaptive HARQ  is supported for DL (URLLC)
It has been further agreed in the last RAN1 ad hoc meeting for NR that [2]:
Agreement:
· HARQ-ACK feedback with one bit per TB is supported.

Agreements (Thursday):
· RAN1 will down select between the following options to utilize HARQ-ACK feedback with more than one bit per TB until the next meeting
· Option 1: CB-group based re-transmission (Samsung) 
· Option 2: Decoder state information feedback (Nokia)
· Option 3: CB-level outer erasure code (Qualcomm)
· Option 4: Any combination of Option 1-3
· Other options are not precluded
· Note that if RAN1 cannot reach consensus in the next meeting, no support of utilization HARQ-ACK feedback with more than one bit per TB in Rel-15.
Based on the agreements, a highly dynamic HARQ with a fast feedback and improved retransmission resource allocation is envisioned for 5G. In LTE, a simple message of ACK/NACK has been adopted as the HARQ feedback. In this contribution, we discuss some possible ways of enhancing the HARQ feedback to further improve the transmission efficiency.
2. Enhanced HARQ feedback
In 5G new radio (NR) systems, enhanced mobile broadband (eMBB), ultra-reliable and low-latency communications (URLLC), and massive machine-type communications (mMTC) have been identified as the three major application scenarios. In general, higher transmission reliability and lower latency are simultaneously targeted for 5G NR systems. HARQ is an essential physical layer transmission technique in modern communication systems, where retransmissions are requested by the receiver by sending a HARQ feedback message in the case of decoding failure. To meet various stringent design targets, HARQ will continue to play a key role in NR.
The HARQ feedback message can be as simple as an acknowledgment/negative-acknowledgment (ACK/NACK) to signify whether the last decoding was successful or not. Upon receiving a NACK, the transmitter sends a retransmission, which is combined in some ways with failed previous transmissions to form a better judgment as there is still useful information embedded in previous failed transmissions. In LTE systems, asynchronous adaptive HARQ and synchronous non-adaptive HARQ are adopted for the downlink and uplink data transmissions respectively. The content of HARQ feedback, however, comprises a simple ACK or NACK message in both cases. The HARQ retransmission is performed following the principle of incremental redundancy (IR). In the case of adaptive HARQ, the retransmitted segment and length can be determined dynamically. As a HARQ ACK feedback with one bit per transport block (TB) has been agreed, it can be expected that such a methodology is also the baseline for 5G NR system. However, recognizing the benefits enabled by a richer HARQ feedback, it is also currently under discussion whether more than one HARQ ACK feedback bit per TB is supported or not.
Intuitively, when a decoding failure occurs, if extra information regarding how severe the transmission is corrupted by interference and/or noise can be made available to the transmitter, more judicious resource allocation can be performed at the transmitter side. Such information can also be conceived as a description of how close the received codeword is to the originally transmitted codeword. It is straightforward that more retransmission resource should be allocated if the previous transmission is more severely damaged. For example, the average value of the log likelihood ratio (LLR) produced at the decoding stage can serve as such a metric. In the case of a decoding failure, instead of simply sending NACK, the receiver can send quantized value of the LLR to the transmitter for better judgement of retransmission resource. This methodology falls into the category of option 2.
Alternatively, option 1 is a more straightforward extension by partitioning TB into groups of codeblock, each having its own CRC protection. In the case of decoding failure, the receiver indicates the codeblocks which failed decoding in the HARQ feedback message. The transmitter then retransmits those groups of codeblocks instead of the whole TB. The retransmitted resource is thus also positively related to how severe the TB had been damaged. Such a scheme is expected to have less complexity and specification effort than option 2, albeit with also less potential performance improvement.
Proposal 1: Consider Option 1 and Option 2 to support HARQ-ACK feedback with more than one bit per TB. Option 2 is preferred.
3. Reduced HARQ Timing
The minimum HARQ timing for LTE since Rel-8 has been specified to be 4 ms, e.g., the HARQ feedback associated with a PDSCH in subframe n is transmitted in subframe n+4 or later; PUSCH scheduled by an UL grant in subframe n is transmitted in subframe n+4 or later. At the UE side, such a 4 ms timing takes into account both the UE timing advance (TA) and the UE processing time of the related physical signals. At the eNB side, the same minimum timing is adopted to both simplify the system design, and to account for the fact that eNB has to serve and process signals for multiple UEs. Shortening both the transmission time interval (TTI) and the minimum processing delay is currently being standardized in Rel-14 [3]. The reduction of the minimum processing delay is mainly motivated by improved IC/hardware design, and therefore improved UE/eNB processing capabilities. In 5G NR, the TTI is expected to be a lot more flexible, and can be even shorted than the shortest TTI standardized in Rel-14. In addition, the delay associated with HARQ feedback and retransmissions are to be shortened to the micro-second scale.

The delay involved in a HARQ process can be roughly broken into the propagation delay, which is the time delay for the signals to arrive at the receiver; the processing delay, which is the time delay to perform decoding; the preparation delay, which is the time needed to prepare the feedback signal by the receiver; the propagation delay for the HARQ feedback to reach the transmitter; and finally, another processing delay for the transmitter to decode the HARQ feedback signal. Among the various delays, the processing delay for performing decoding is the most expensive one, as a decoding process typically involves several iterations. As elaborated below, in certain cases the total HARQ feedback delay can be reduced by predicting the decoding result. A HARQ feedback can be issued by the receiver without actually performing decoding, therefore greatly shortening the total delay.
The HARQ scheme for data channels in LTE employs Turbo codes with incremental redundancy. In 5G NR, it has been agreed to adopt LDPC codes as the main channel coding scheme for eMBB. Turbo codes and LDPC codes are referred to as capacity achieving codes, due to their excellent error correction capability, which is very close to the Shannon limit with a gap as small as a few tens of 1 dB. Ideally, there is a clear distinction between the operating and non-operating regions in capacity achieving codes, often characterized by the so-called waterfall region, after which a properly constructed codeword, e.g., large block size, ideal interleaver, optimized constraint length and transfer function, is nearly error-free. Going towards lower SNR, the error performance in the waterfall region deteriorates very rapidly, converging to a block error rate (BLER) of 100%.
For capacity achieving codes to operate properly, the transmitter has to adapt the transmission rate to the channel state such that the received SNR falls into the supposed operating region. For typical cellular communications, however, the channel state at the transmit side (CSIT) is either imperfect, or outdated at the time the data arrives at the receiver. There also could be unpredictable interference which further impacts the received signal quality. In this case a more conservative transmission scheme, e.g., lower transmit power or lower rate, has to be used to avoid excessive transmission errors due to the unpredictability of the wireless channel. HARQ is a technique that allows the use of a more aggressive transmission scheme by fixing transmission errors afterwards in an efficient manner. In LTE, a relatively high BLER of 10% is targeted to allow a more aggressive MCS. The blocks that failed decoding are then fixed using HARQ with a target residual BLER of around 1%. 

The MCS, i.e., the target spectral efficiency, selected by the eNB is based on the CSI feedback from the UE. A target BLER of 10% can be conceptually perceived as letting the received SNR at the UE fall into the operating region with a probability of 0.9. As mentioned previously, errors are inevitable due to imprecise or outdated CSI at the transmitter, as well as changing interference at the UE side. A transmission error is therefore fundamentally a mismatch between the transmission rate and the actual channel state experienced by the transmitted DL data block. Since the UE naturally has access to the actual channel state experienced by the transmitted data by performing channel estimation on the accompanying reference signals, it is possible for the UE to infer the likelihood of successful decoding of the current transmission. A HARQ feedback can be transmitted as soon as the UE finds that the received SNR cannot warrant a meaningful decoding, or on the other extreme, yields a near 0 error probability. Such an approach achieves both a reduced timing, and a lower UE power consumption as decoding can be deferred until the retransmission arrives in the event of an early NACK. Similar concept has been mentioned and proposed, e.g., [4].

For practical implementation, a cutoff SNR table can be constructed corresponding to each MCS. Alternatively, a cutoff table based on the log-likelihood ratio (LLR) output of channel decoder can also be used. Whether a different threshold is needed for different block sizes requires further assessment. The error performance of capacity achieving codes does not differ too much as long as the information block length is long enough. In principle such a technique can be applied in both DL and UL directions, and in both FDD and TDD. Accordingly, we have the following proposal

Proposal 2: Study the technique of an early HARQ ACK/NACK.

It is noted that the penalties associated with false alarms in the cases of an early ACK and an early NACK should be treated differently. In the event of an early NACK, if the transmitted block is in fact decodable, the penalty involves only one redundant physical layer retransmission. On the other hand, in the event of an early ACK, if the transmitted block is in fact non-decodable, higher layer recovery might be needed to retransmit the failed data block. The occasional false alarms could easily outweigh the benefit brought by such a technique. The design for the various system parameters, and whether an early ACK should be allowed, are all details that should be further studied.
4. Conclusions
In this contribution, we have discussed the technique to achieve an improved feedback and a reduced timing for 5G NR HARQ. In addition to the simple ACK/NACK message employed in LTE/LTE-A systems, a richer HARQ feedback message describing how severe the transmitted block has been damaged by interference and/or noise is proposed to be fed back by the receiver. The transmitter can then allocate the retransmission resource more efficiently. By allowing the UE to transmit an early feedback in the case of sufficiently weak or strong received signal strength, the timing of HARQ NACK as well as the following retransmissions can be reduced. The UE power consumption is also saved. We thus have the following proposals:
Proposal 1: Consider Option 1 and Option 2 to support HARQ-ACK feedback with more than one bit per TB. Option 2 is preferred.
Proposal 2: Study the technique of an early HARQ ACK/NACK.
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