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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. This contribution outlines the enhancement requirements for the adaptive HARQ functionality for increased efficiency in radio resource utilization for the 5G new radio (NR). The following agreements have been made in RAN1 #86 regarding HARQ operation:
Agreements: (RAN1 #86)
· At least asynchronous and adaptive HARQ is supported for eMBB.
· NR supports at least UL transmission of at least single HARQ-ACK bit.
· Consider whether/how to support more than one HARQ-ACK bits per TB.

The proposed enhancements in this document will enable rich multi-bit feedback reporting for HARQ in order to better support adaptive-length redundancy matching in HARQ retransmission functionality. The proposals offer flexibility increase to support different services and scenarios outlined in 3GPP TR 38.913 [1].
Section 2 introduces the variable-length redundancy matching concept for HARQ; Section 3 outlines the proposals regarding a richer HARQ feedback reporting and adaptive-length redundancy matching; Section 4 outlines further proposals regarding multi-bit feedback for HARQ; finally Section 5 concludes the contribution with a set of observation and proposal points.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]2	Variable-length redundancy matching for HARQ
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]A HARQ process corresponding to transmission of one transport block consists of number of transmission attempts. In the simplest form it could be assumed that the same number of coded bits will be transmitted at each transmission attempt in case of NACK for the previous attempt. For example, following the rate matching mechanism for the initial transmission a given number  of coded bits will be selected from the circular buffer which will then be modulated and sent to the receiver for decoding. Then in the case of NACK, the following retransmission(s) will be generated using the same  number of coded bits. However, the throughput performance of a HARQ process is proved to be strongly dependent on how the  value will be changed by the transmitter node through a HARQ process; for example we refer to [2,3]. In particular, in [2] it is shown that using a fixed value for  throughout a HARQ process is significantly harmful to the maximum achievable throughput performance of the channel.
· Observation 1: The total average throughput of the physical channel can be degraded by HARQ process if the same number of coded bits will be sent on the retransmission attempts as compared to the initial transmission attempt. Alternatively, a variable-length redundancy matching approach to HARQ transmission can potentially have noticeable throughput gain by reducing average retransmission size.
The practical implication of the above observation is that the performance of HARQ process can be improved by optimally varying the  value from one transmission attempt to another. Therefore, it is desirable to investigate the optimal set of  –where  denotes the number of coded-bits for the th transmission attempt– that will maximize e.g., the average throughput of HARQ operation. In Fig. 1 an example is illustrated to compare the fixed- and variable-length redundancy matching. The example assumes 4 redundancy version offsets uniformly distributed over the circular buffer where each redundancy version starts from the corresponding offset.
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Figure 1: fixed- vs variable-length redundancy matching for HARQ compared for the example of bit-selection from circular buffer
Exactly how the set  is determined or optimized (e.g. based on the KPIs for each use case) can be a BS implementation issue. From the standards point of view, what is important is to provide the necessary information for the BS to support the enhanced HARQ operation. In case of asynchronous HARQ, the BS sends a DL assignment for each HARQ (re-)transmission. The DL assignment carries the MCS and resource allocation, which would determine the number of bits carried in each transmission. In this sense, the existing mechanism already allows the BS to schedule a UE with variable-length redundancy matching. What is lacking is that the eNB does not have feedback from the UE to make informed decision on the appropriate redundancy length, and the feedback enhancement is the focus of this contribution.
3	Adaptive-length redundancy matching using DSI-rich feedback
Traditional adaptive HARQ relies on a simple Boolean ACK/NACK feedback message. However, if instead allowing a multi-bit feedback message that conveys decoder state information (DSI) the transmitter can be informed on “how close” the decoder is to successfully decode a failed HARQ transmission. The redundancy length for the following retransmission of the packet can then be adapted based on this information to improve the overall HARQ performance. Based on the findings in [2], richer HARQ feedback allows more accurate redundancy version matching of retransmission resulting in a significant throughput improvement over the case where only ACK/NACK feedback is available. The DSI in general expresses the amount of information that is collected at the decoder, let’s denote such metric with  as the DSI after th transmission attempt. Using this information, the transmitter will decide on the extra number of coded bits that is needed for the successive HARQ retransmission from the optimal function . The set of optimal  functions can be generated and optimized offline to satisfy a given target success rate while maximizing the total average throughput. 
· Observation 2: Decoder state information (DSI) as a metric that shows “how close” the decoder is to a successful decoding, can help the transmitter to choose an optimal redundancy length for the following retransmission. Therefore, reporting DSI over HARQ feedback channel can improve the HARQ performance by enabling adaptive-length redundancy matching.
Several different approaches can be used in order to generate a DSI feedback. The accumulated mutual information (ACMI) at the decoder output has been proposed in [2, 4] as a metric to measure how close the decoder is to successful decoding. In practice ACMI can be calculated from the decoder output log-likelihood ratios (LLR’s).
· Observation 3: The accumulated mutual information collected at the decoder output measures how close the decoder is to successful decoding. 
Given the above observations the following is proposed:  
· Proposal 1: 5G NR shall investigate the decoder state information (DSI) –rich HARQ feedback as a means to improve the link performance by enabling adaptive-length redundancy matching. 
4	Further notes on DSI-rich HARQ feedback
The set of possible feedback states is bound directly by the available number of bits in the feedback message. E.g., in case 2 bits are reserved for feedback reporting, it can convey 4 different states. We can assume one state is reserved for ACK and the remaining 3 will be utilized to report different quantization levels over the DSI metric (multi-bit NACK). Given this point we propose the following: 
· Proposal 2: The number of bits reserved for a decoder state information (DSI) –rich feedback shall be investigated to support a sufficient quantization precision over the DSI metric in case of multi-bit NACK.
Normally, due to HARQ combining gain it is expected to increase the decoding success rate of a packet by each retransmission. This implies that utilization of DSI-rich feedback (i.e., multi-bit NACK) could be limited to only after the initial transmission of the packet. This way, for the second and the following retransmissions one can stick to the single-bit ACK/NACK report to save up on the uplink feedback resources. Hence, the number of bits available to the feedback message is desired to be configurable through the HARQ process. Therefore, the following is proposed:
· Proposal 3: A configurable number of feedback bits through the HARQ process shall be supported. E.g., the feedback for the initial transmission can be a multi-bit decoder state information (DSI) –rich feedback while the potential following retransmissions will allow for a single-bit ACK/NACK feedback. 
5	Conclusion
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]The contribution is concluded by summarizing the observations and proposals for DSI-enriched HARQ feedback as follows:
· Observation 1: The total average throughput of the physical channel can be degraded by HARQ process if the same number of coded bits will be sent on the retransmission attempts as compared to the initial transmission attempt. Alternatively, a variable-length redundancy matching approach to HARQ transmission can potentially have noticeable throughput gain by reducing average retransmission size.
· Observation 2: Decoder state information (DSI) as a metric that shows “how close” the decoder is to a successful decoding, can help the transmitter to choose an optimal redundancy length for the following retransmission. Therefore, reporting DSI over HARQ feedback channel can improve the HARQ performance by enabling adaptive-length redundancy matching.
· Observation 3: The accumulated mutual information collected at the decoder output measures how close the decoder is to successful decoding. 
· Proposal 1: 5G NR shall investigate the decoder state information (DSI) –rich HARQ feedback as a means to improve the link performance by enabling adaptive-length redundancy matching. 
· Proposal 2: The number of bits reserved for a decoder state information (DSI) –rich feedback shall be investigated to support a sufficient quantization precision over the DSI metric in case of multi-bit NACK.
· Proposal 3: A configurable number of feedback bits through the HARQ process shall be supported. E.g., the feedback for the initial transmission can be a multi-bit decoder state information (DSI) –rich feedback while the potential following retransmissions will allow for a single-bit ACK/NACK feedback. 
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Appendix
The potential resource saving gain offered by enabling DSI-rich feedback is further investigated in this appendix. The following numerical evaluation is performed by system-level simulation in the given setup as bellow:
· Typical Urban model in a macro-cell scenario with wrap-around hexagonal cellular layout with 7 cell sites and 3 cells per site
· Average 10 UE’s per cell 
· 20 MHz carrier bandwidth at 2 GHz with a LTE-alike modulation & code rate options and subframe structure (1 ms subframes with 14 OFDM symbols)
· The results in Fig. X are generated for BLER1 = 10% and BLER2 = 0.1%.
· Full buffer traffic with a proportional fair eNB packet scheduler
To generate a DSI-rich feedback, the accumulated mutual information (ACMI) is collected at the receiver and normalized by the transport block size. Then it will be quantized based on a pre-calculated set of quantization levels. The number of quantization levels (i.e., multi-bit NACK messages) is determined by the available feedback bits as explained in Section 4. The generated feedback is then reported back to the eNB in case of decoding failure. The transmitter then uses this information to perform the retransmission based on the adaptive-length redundancy matching approach that was explained in Section 3. We further assume that the initial transmission is targeted at 10% block error rate (BLER) while the first retransmission will be generated for an overall 0.1% BLER.
Fig. 2 shows the cumulative distribution of the relative size for the first retransmission compared to the initial transmission size. The results are shown for the following scenarios:
· Ideal-feedback: For comparison purposes we simulated the case where DSI can be reported without quantization (ideal DSI report) to the transmitter node.
· 2-bit down & 3-bit down: In these two scenarios, DSI is quantized ‘down’ into the given quantization levels assuming the feedback has 2 or 3 bits length respectively. The result of the down quantization will be a more distant DSI observation at the eNB from the ideal DSI and as a result larger retransmission size as compared to the ideal feedback.
· 2-bit up & 3-bit up: In these two scenarios, DSI is quantized ‘up’ into the given quantization levels assuming the feedback has 2 or 3 bits length respectively. The retransmission size in these case will be smaller than the case where ideal DSI is available at the eNB.  
· Fixed-size: This scenario is the traditional approach whit a fixed-length redundancy match through the HARQ process. Therefore, the ratio of the retransmission size to the initial transmission is always 1 in this case.
For the case of ideal feedback, the savings in the resources can go up to 90% in 70% of the failed initial transmission samples, with the average saving of ~88%. This is a significant reduction in retransmission resources compared to fixed-size scenario especially considering that the granularity level for resource allocation is on physical resource block (PRB) which will result in rounding up the resource size. It is further shown that quantizing the feedback message into 2-3 bits to report the DSI can potentially save up to 90% of the used resources in around 35%-80% of the cases depending on the quantization approach. As an example, for the 2-bit up case, the average saving in resources is ~91% for the first retransmission. The penalty of a reduced retransmission size will be a higher chance of increasing number of necessary retransmission and as a result an increase in the packet deliveray delay. 
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Figure 2: The ratio of the first retransmission relative to the initial transmission size
Fig. 3 shows the gain of the adaptive-length redundancy matchin HARQ as compared to the fixed-size transmission for the above mentioned simulation setup. The ‘single extra bit’ case represents a setup where only the first feedback (after initial transmission) conveys the 2-bit up quantized DSI while the following retransmissions will only have a single-bit ACK/NACK feedback using the same redundancy length as the first retransmission. The average throughput increases by more than 8% compared to the fixed-size retransmission while using a single extra bit of feedback per HARQ process.
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Figure 3 - cell throughput statistic for different feedback scenarios

Summary of the results: As a result of this setup the average latency of packet deliveries is penalized by 0.05 ms (for RTT = 8×1ms) while the average total cell throughput can be increased by more than 8% by utilizing 2-bits (up) for the feedback after initial transmission and single-bit ACK/NACK for after the following retransmissions (i.e., one extra feedback bit per HARQ process as compared to traditional feedback). The average penalty of 0.05 ms on packet delivery delay of the HARQ process is cause by the decrease in retransmission size as compared to the initial transmission which in return increases chances of requiring a 2nd retransmission.
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