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[bookmark: _Ref469495640][bookmark: _Ref477790965]Introduction
[bookmark: _Toc476230893]Compared to LTE, NR supports more flexible scheduling and HARQ configurations, which result in the HARQ feedback flexibility in multiple aspects in NR. This paper, which is updated from [1], will discuss the HARQ feedback transmission schemes.
Before discussions, some relevant contents in the technical reports [2] [3] are listed below[1]:
· Relevant issues for scheduling
· NR supports at least same-slot and cross-slot scheduling for both DL and UL. 
· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values and the set of values are configured by higher layer. The timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE. 
· An URLLC transmission may be allowed to preempt another eMBB transmission if necessary.
· Schedulers assign radio resources in a unit of TTI (e.g. one mini-slot, one slot, or multiple slots).
· Relevant issues for HARQ feedback
· HARQ-ACK feedback with one bit per TB is supported. 
· UE supports a set of minimum HARQ processing time. NR also supports different minimum HARQ processing time at least for across UEs. 
· Asynchronous and adaptive DL HARQ is supported at least for eMBB and URLLC. From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region. 
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in the DCI from a set of values and the set of values is configured by higher layer. The timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE.
· Code Block Group (CBG)-based transmission with single/multi-bit HARQ-ACK feedback is supported. 
In [2], it is also included that both long PUCCH format (e.g. one slot) and short PUCCH format (e.g. 1 symbol) will be supported in NR, which will also impact the HARQ feedback timing of NR.
In this contribution we discuss the requirements and options to send HARQ feedback. We conclude that we should keep some aspects from LTE (like keeping HARQ feedback schemes transparent to MAC) and that the HARQ feedback reliability should be improved as RLC ARQ cannot be used for URLLC. We discuss HARQ feedback design for specific for UL SPS scheduling in [5].
[bookmark: _Ref178064866]Discussion
Background and Requirements
Since NR is supposed to support services of various QoS requirements and HARQ is one important feature with respect to the transmission delay in the air interface, the HARQ feedback design not only impacts the transmission delay over the air interface, but it also impacts the overhead for control channel transmissions. 
As an example, for URLLC which requires low air interface delay it is beneficial (or in principle required) that the network configures HARQ with as short delay for the HARQ feedback as possible. This implies that aggregation of HARQ feedback is not suitable as that increases the delay. Hence a design where one transmission of a transport block results in one HARQ feedback transmission is needed. However, this creates additional overhead which should be mitigated. For TDD, the guard period and UL-DL switch aggravates the problem.
For eMBB the HARQ round trip time (RTT) is also important, while as frequent HARQ feedback as used for URLLC may be not beneficial due to the overhead mentioned above. Instead it is of interest to investigate feedback modes where the HARQ feedback for several transport block transmissions are aggregated and transmitted in one TTI. This reduces the overhead for DCI transmission and the guard period of DL-UL switch for HARQ feedback transmission. For unlicensed operation, multiple subframe scheduling can further reduce the LBT attempts within one Maximum Channel Occupancy Time window (MCOT) because there is less role change between transmitter and receiver for a radio node. The shorter the slot length is, the larger overhead due to the frequent HARQ feedback. Currently, the typical view is that the slot duration is very short for high frequency operation and multiple subframe scheduling will be widely used.
[image: ]
[bookmark: _Ref458434580]Figure 1: Proposed feedback modes for NR.
To optimize the trade-off between the delay requirements and the overhead in different conditions, RAN1 and RAN2 agreements mentioned in Section 1 provide means for the network to configure the timing of HARQ feedback with respect to the data transmission occurrences for downlink data TX and the timing of UL grant transmission to the UL data TX occurrences.
[bookmark: _Toc471138457][bookmark: _Toc471138595][bookmark: _Toc471138628][bookmark: _Toc471478736][bookmark: _Toc478149623][bookmark: _Toc478149681][bookmark: _Toc481596084][bookmark: _Toc481761771][bookmark: _Toc481867297]Compared to HARQ feedback in LTE, the HARQ feedback timing for NR is more flexible.
From the RAN1 agreements regarding the physical channel design, there are similar physical channel design philosophy as LTE: UCI can be carried over both PUSCH and PUCCH. One identified difference according to [2] is that NR will have long PUCCH format (e.g. one slot) and short PUCCH format (e.g. 1 OFDM symbol). The long PUCCH format can be configured at poor coverage. Short PUCCH format can be configured for immediate HARQ feedback. For unlicensed operation, short PUCCH format may be used since it reduces the necessity to multiplex the PUCCHs from multiple UEs in frequency domain, which could simplify the design of the PUCCH transmission in UL when LBT and power density requirement of the occupied bandwidth are taken into consideration. The detailed design is still being discussed in RAN1. 
[bookmark: _Toc471138458][bookmark: _Toc471138596][bookmark: _Toc471138629][bookmark: _Toc471478737][bookmark: _Toc478149624][bookmark: _Toc478149682][bookmark: _Toc481596085][bookmark: _Toc481761772][bookmark: _Toc481867298]Compared to LTE, both long and short PUCCH formats will be supported for different application cases. 
As mentioned in Section 1, in addition to single HARQ A/N bit per transport block similar as LTE, code block group (CBG) based HARQ feedback will also be supported in NR. For CBG based HARQ feedback, the code blocks in one transport block are grouped into CBGs there is one HARQ A/N bit for each CBG. Hence there can be multiple HARQ A/N bits for one transport block when CBG based feedback is configured.
[bookmark: _Toc471138459][bookmark: _Toc471138597][bookmark: _Toc471138630][bookmark: _Toc471478738][bookmark: _Toc478149625][bookmark: _Toc478149683][bookmark: _Toc481596086][bookmark: _Toc481761773][bookmark: _Toc481867299][bookmark: _Toc471138460][bookmark: _Toc471138598][bookmark: _Toc471138631]In addition to single HARQ A/N bit per transport block as LTE, NR also supports multiple HARQ A/N bits per transport block.
From the above observations, one can conclude that the HARQ feedback in NR will be more flexible compared to LTE not only for HARQ feedback timing but also the physical channels for HARQ feedback transmission and the number of HARQ A/N bits per transport block to match the different requirements, e.g. slot duration, coverage, resource efficiency and reliability requirement. With different configurations per these requirements, the transmission scheme for HARQ feedback could be very different with respect to radio resource allocation, channel encoding, error rate and delay requirement in relation to the corresponding data transmission. The HARQ RTT is also flexible depending on the flexibility of HARQ feedback time and the configured (long/short) PUCCH format. 
With a more flexible HARQ protocol with multiple feedback schemes in NR, it will be challenging to keep the complexity of NR MAC at a sustainable level while still aligning to the design philosophy that one common RAN shall be able to support multiple services. Having multiple MAC entities for different services as in HSPA is not an option. It is beneficial to stick to the "single MAC design" of LTE. In LTE the difference between how HARQ feedback is transmitted in FDD and TDD is almost transparent in MAC. We think this is an important property which simplifies the models used in MAC and it should be kept in NR. Considering this, it was agreed in RAN2-97bis that ‘RAN2 aims to make the L1 HARQ feedback transmission scheme (PUCCH, mapped to PUSCH, timing) transparent to MAC specification’.
Design impact on L2 protocols
[bookmark: _Toc471138580][bookmark: _Toc471138599][bookmark: _Toc471138610][bookmark: _Toc465151664]As discussed above, the HARQ feedback scheme in NR offers a great deal of flexibility for HARQ feedback. This is beneficial as it allows the network to adapt the HARQ feedback configuration to various conditions (e.g. services and channel conditions). The drawback is that the UE must be configured with a dedicated HARQ configuration. During the initial access, the UE does not have any dedicated HARQ configuration, so there must be a default HARQ configuration, which can be supported by all UEs in the system, for the UE at this stage. The HARQ configuration may include the number of HARQ processes, processing delays and the HARQ feedback scheme etc. Then at a later stage, the eNB could configure a dedicated HARQ configuration for the UE based on e.g. the system status and service QoS requirement. 
[bookmark: _Toc465151666][bookmark: _Toc466041472][bookmark: _Toc471138582][bookmark: _Toc471138601][bookmark: _Toc471138612][bookmark: _Toc471478740][bookmark: _Toc481867300]Default HARQ configuration (including e.g. number of HARQ processes and ID(s), delays, feedback scheme), which can be supported by all UEs, should be predefined for random access procedure for those cases when the parameters cannot be configured in the UE (e.g. random access in idle mode).
[bookmark: _Toc481867301]RRC supports configuration of HARQ parameters through dedicated signalling.
In LTE, the minimum requirement of the NACK to ACK error rate is less than 0.1% for PUCCH format 3 and the minimum requirement of ACK miss rate for PUCCH format 1a, 1b and 3 is less than 1% at given SNR level [4], which is mainly used to guide the receiver design. It is expected that RLC ARQ can handle the residual MAC error due to the HARQ feedback uncertainty.
In NR, some traffic such as URLLC is very delay sensitive which implies that RLC retransmission may not be always useful due to the tight delay budget. The packet loss rate mainly depends on the residual transmission error in MAC layer due to RLC ARQ is not applicable considering the tight delay budget. This means that the reliability of HARQ feedback may directly impact the residual MAC transmission error. For instance, the NACK to ACK error will directly increase the residual MAC transmission error. HARQ NACK to ACK error will be a bottleneck for residual MAC transmission error, for instance, the residual MAC transmission error will be not lower than 10^-3 (far higher than 10^-6~10^-9) if the HARQ NACK to ACK error is 0.1%. Based on the above analysis, extremely reliable HARQ A/N feedback must be considered for URLLC traffic at the cost of overhead increase.
For services whose data reliability can rely on the RLC ARQ, normal reliable HARQ feedback can be configured to avoid the HARQ feedback overhead increase. The design of normal reliable HARQ feedback can refer to the UCI design in LTE with proper enhancement considering the special characteristics of NR such as frequency and radio frame structure etc. For services requiring high transmission reliability in MAC, extremely high reliable HARQ feedback should be considered. For extremely high reliable HARQ feedback design, one could consider certain enhancement by referring to the normal reliable HARQ feedback design to reduce the complexity of system design, e.g. repetition, long sequence for HARQ A/N encoding, CRC encoding, and very low coding rate etc. 
[bookmark: _Toc481867302]RAN2 aims to design HARQ such that it can be operated in a mode with high reliability (for e.g. URLLC). Details can be left for RAN1.
Conclusion
[bookmark: _GoBack]In Section 2 we made the following observations:
Observation 1	Compared to HARQ feedback in LTE, the HARQ feedback timing for NR is more flexible.
Observation 2	Compared to LTE, both long and short PUCCH formats will be supported for different application cases.
Observation 3	In addition to single HARQ A/N bit per transport block as LTE, NR also supports multiple HARQ A/N bits per transport block.

Based on the discussion in Section 2 we propose the following:
Proposal 1	Default HARQ configuration (including e.g. number of HARQ processes and ID(s), delays, feedback scheme), which can be supported by all UEs, should be predefined for random access procedure for those cases when the parameters cannot be configured in the UE (e.g. random access in idle mode).
Proposal 2	RRC supports configuration of HARQ parameters through dedicated signalling.
Proposal 3	RAN2 aims to design HARQ such that it can be operated in a mode with high reliability (for e.g. URLLC). Details can be left for RAN1.
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