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1. Introduction
In RAN1#89 and RAN1#90 meetings [1][2], the following agreements were made regarding HARQ-ACK feedback in NR and joint UCI feedback for NR carrier aggregation:
Agreements:
· The following is supported for NR 
· From UE perspective, HARQ ACK/NACK feedback for multiple DL transmissions in time can be transmitted in one UL data/control region is supported.
Agreements:
· 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)
Agreements:
· For single CW case with CBG based retransmission for the semi-static codebook with HARQ-ACK multiplexing, at least following is supported for the HARQ-ACK composition and mapping per TB
· HARQ-ACK codebook includes HARQ-ACK corresponding to all the CBGs (including the non-scheduled CBG(s))
· At least followings are supported
· HARQ-ACK payload size is the same with the configured number of CBGs
· Each HARQ-ACK bit corresponds to each CBG
· FFS payload size reduction
· ACK is reported for a CBG if the same CBG has been successfully decoded
· FFS how to handle the case if TB CRC check is not passed while CB CRC check is passed for all the CBs
Agreements:
· Support joint UCI feedback for aggregated carriers with the same or different numerology. 
· FFS: the timing relationship between PDSCH and the corresponding HARQ-ACK 
· FFS: impact on maximum number of HARQ process 
· FFS: potential restrictions (e.g., on combination of different numerology)
In RAN1_NR_AH#3 [3], the following was agreed regarding HARQ-ACK bundling:
Agreements:
· Bundling of HARQ-ACKs across different CCs for a UE is not supported in Rel-15

In this contribution (revised from [4]), we discuss HARQ-ACK bundling and propose a revisited UE-based approach for NR. 
2. Discussion
HARQ-ACK bundling, i.e. binary AND operation among multiple ACK/NACK bits, can be a useful technique to compress the HARQ-ACK codebook size in order to increase coverage of UL control (needed for coverage limited UE) or increase capacity of UL control (needed for limited e.g. PUCCH resource or duration). HARQ-ACK bundling can provide high compression of the codebook when taking advantage of the correlation of ACK/NACK bits along several dimensions, e.g. spatial bundling (correlated CWs per SF from antennas of a cell), time bundling (correlated SFs per carrier for good/bad channel over a long period), cell bundling (correlated SFs per TTI across cells facing similar interference). 
HARQ-ACK bundling potential has only been used to a small extend in LTE. For example, in Rel.10 CA, spatial or time bundling can be configured by gNB and performed automatically and along the whole of each dimension by UE when ACK/NACK bits exceed a size limit. In Rel.13 eCA, one RRC bit per PUCCH group configures whether spatial bundling (performed in a similar way as above) shall be enabled or not, when the UE is configured to use PUCCH format 4 or 5. The main disadvantage of legacy HARQ-ACK bundling operation and the reason for its not wider usage has to do with the associated DL throughput reduction. When UE sends back a bundled NACK to gNB, there is the possibility that some TBs within the bundle have been actually decoded correctly at UE (i.e. ACK’ed). gNB doesn’t know however which TB failed and has to retransmit all the TBs within the bundle. Moreover, the fact that TBs cannot be ACK’ed until the remainder of the group is received increases the average HARQ round trip time (thus, latency).
In NR, HARQ-ACK feedback corresponding to multiple DL transmissions can also be aggregated and transmitted within a UCI transmission; a UCI may need to carry ACK/NACK for multiple codewords, DL slots, CCs as well as CBGs since CBG-level HARQ-ACK feedback is supported. In addition to large HARQ-ACK feedback, a UCI may need to carry a high load of CSI reporting, e.g. in order to support multi-beam operation. For UCI transmission, both short (e.g. 1-2 symbol period) and long (e.g. 7-14 symbol period) duration are supported. A long control format is supported to improve the coverage of UCI transmission or support high UCI payload and is expected to at least reach the same level of coverage achieved in LTE. However, large UCI payload will make this target difficult unless high overhead is imposed. In addition, large UCI payload will require several PUCCH resources over time or frequency rendering limiting the reduced duration of e.g. short PUCCH. Furthermore, if large UCI is multiplexed with UL-SCH data, the performance of UL data channel will be severely affected. Finally, in LTE Rel-13 PUCCH formats, in case both HARQ-ACK and CSI were required in UCI transmission, it was agreed for CSI to be partially dropped when payload size exceeds limits. If a similar approach is followed in NR, highly reduced performance may observed due to highly inaccurate channel estimation, especially considering the possible need for larger CSI payload in NR.
Observation 1: HARQ-ACK bundling can be useful in NR to contain large UCI feedback and provide similar link budgets as LTE, reasonable UL overheads, as well as reduce the need of UCI dropping.
3. HARQ-ACK feedback bundling in NR
Bundling dimensions
In NR, multi-bit HARQ-ACK feedback within UCI can originate from four dimensions: 1) multiple CWs per slot; 2) multiple TBs from different slots; 3) multiple TBs from different CCs; 4) multiple CBGs within a TB.
1) Spatial dimension bundling: It has been agreed in NR to support 2 CWs only for 5 spatial layers and above; in LTE, 2 CWs were corresponding to 2 spatial layers and above.  Evaluations in LTE had established that DL throughput reduction can be very low in case of spatial bundling. This aspect will be even better in NR since the probability of having multiple CWs per slot will be much lower. However, for the same reason, bundling in spatial domain is expected to be less useful in NR for compressing a large HARQ-ACK codebook size. 
2) Time dimension bundling: As in LTE, a UCI in NR may contain HARQ-ACK corresponding to multiple TBs of different PDSCHs in time domain. TDD will be the main duplex scheme for NR, especially for higher carrier frequencies (e.g. >6GHz). Alignment may be needed between NR and LTE to avoid interference between UL and DL, hence, NR will have to use same semi-static UL/DL pattern in that case. Also, the support of asynchronous HARQ allows scheduler to decide HARQ timing more flexibly. One main difference in NR is that slots can be much shorter than the LTE 1ms subframe. Therefore, channel correlation among adjacent slots may be much higher leading to higher compression advantage and lower DL throughput degradation from bundling HARQ-ACK in time domain. 
3) Frequency dimension bundling: Maximum number of NR carriers for aggregation is assumed to be up to 16, while joint UCI feedback (i.e. anchor cell transmitting UCI for DL data in multiple cells) is supported. Thus, as in LTE, when the number of CCs in uplink is asymmetric with downlink, HARQ-ACK from multiple CCs is fed back in a UCI. Since it was agreed that bundling of HARQ-ACKs across different CCs for a UE is not supported in Rel-15, effective compression on other dimensions becomes even more important.
4) CBG dimension bundling: CBG-based (re)transmission has been supported in NR to utilize multi-bit HARQ-ACK feedback per TB. A UE can be configured with a number of CBGs for generating respective HARQ-ACK information bits. The total number of HARQ-ACK feedback bits has been agreed to be at least equal to the CBG size and the simplest bundling of HARQ-ACK across CBGs (i.e. 1-bit TB-level feedback) has been agreed. However, considering e.g. URLLC preemption or the use case of TB comprising a high number of CBGs it can be common to realise high DL throughput loss by restricting bundling only to the TB-level extreme.
Observation 2: HARQ-ACK bundling only in spatial and time dimensions may not be enough to adequately compress HARQ-ACK codebook size in NR. TB-level bundling of multiple CBGs may not be beneficial in scenarios with bursty interference and/or preemption.
Based on the above discussion, we propose the following:
Proposal 1: Support HARQ-ACK bundling HARQ-ACK bundling of multiple CBGs of a TB, but not only TB-level.
UE-based bundling
One important aspect that has to be taken into consideration for the design of HARQ-ACK bundling is that the channel correlation in all dimensions discussed above (except the spatial one) will be more random in NR; the multiple possible levels of transmission duration allowed in NR will cause more bursty and random interference over different symbols/slots. Furthermore, by allowing shorter transmissions preempting ongoing longer transmissions, and considering the possible sporadic traffic nature of such shorter transmissions (e.g. URLLC), the probability of correct decoding for each TB/CBG transmission becomes even more random. Considering the above, if HARQ-ACK bundling is implemented as in LTE, DL throughput reduction from uncorrelated bundled TBs is expected to be high. 
Observation 3: In NR, spatial dimension will contribute less to a large HARQ-ACK codebook size than in LTE while channel correlation in all other dimensions will be lower. HARQ-ACK bundling operation needs to be revisited for NR in order to provide adequate compression without high DL throughput loss.
However, the aforementioned disadvantage comes due to the fact that HARQ-ACK bundling has been considered to be solely enabled by gNB and in a per-dimension static way, i.e.:
· gNB-based bundling: UEs, although having the exact knowledge of ACK/NACK to be fed back to gNB, are not allowed to decide when bundling shall be used.
· Per-dimension static bundling: Bundling across a dimension cannot be performed partially over a dimension, e.g. time bundling not for all CCs in a group of CCs, or cell bundling not for all TTIs within a time period.
We believe that if HARQ-ACK bundling is revisited to be UE-driven and dynamic per-dimension, it can become a more powerful technique to compress ACK/NACK payload in NR without the disadvantage of reduced DL throughput, especially when dynamic HARQ-ACK codebook is employed. Certainly, since gNB has a better view of e.g. the expected throughput loss from each type of bundling, the desired PUCCH or PUSCH resource overhead and CSI payload needs (to fit together with ACK/NACK), it makes perfect sense to maintain a pre-configuration approach where gNB defines the hard limitations for bundling to UE. Then, based on this configuration, a UE can decide if/how to bundle HARQ-ACK feedback in order to achieve the smallest possible payload. Figure 1 outlines the proposed UE-based HARQ-ACK feedback bundling operation. 
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Figure 1 – UE-based HARQ-ACK bundling.
gNB can configure to UE, via e.g. RCC, if the conventional or the proposed UE-based dynamic bundling can be used as well as in which dimension bundling can be performed. Based on what has been allowed by the eNB, the UE can examine the possible bundling combinations and determine a preferred one. Of course, such dynamic HARQ-ACK bundling will require a mechanism for gNB and UE to acquire common understanding on the ACK/NACK codebook size or at least the way bundling has been performed at UE in case a semi-static codebook is configured. This would require for example some additional bundling information sent from UE together with ACK/NACK so as the gNB can know the codebook size and/or interpret the received HARQ-ACK feedback bits. One solution could be to separately code such information within UCI bits. For example, HARQ-ACK feedback could be split in two fields wherein the first field (needed to be decoded first) includes the UE bundling information and the second field comprises the actual HARQ-ACK feedback bits. An alternative solution could be to notify gNB of bundling decisions via implicit signalling.  For example a different PUCCH format, PUCCH resource, CRC, or scrambling of the UCI bits may be used to denote how the HARQ-ACK feedback has been constructed by the UE considering the possible options allowed by gNB from pre-configuration. A fallback option to revert to conventional bundling should be also allowed in case compression benefits are minimal and overwhelmed by the size of the extra bundling information required.
The benefit of the proposed bundling is that a UE can only bundle ack or nack together, resulting to even no loss in DL throughput. However, it could be possible to also allow errors from bundling if this is deemed beneficial, e.g. by letting eNB to configure UE a compression target and how many wrong bits can be sent in ack/nack codebook.
Proposal 2: RAN1 to consider UE-based and dynamic per-dimension HARQ-ACK bundling as a solution to reduce large UCI feedback in NR.
4. Conclusions 
In this contribution, we discussed HARQ-ACK bundling NR CA. We observed that:
Observation 1: HARQ-ACK bundling can be useful in NR to contain large UCI feedback and provide similar link budgets as LTE, reasonable UL overheads, as well as reduce the need of UCI dropping.
Observation 2: HARQ-ACK bundling only in spatial and time dimensions may not be enough to adequately compress HARQ-ACK codebook size in NR. TB-level bundling of multiple CBGs may not be beneficial in scenarios with bursty interference and/or preemption.
Observation 3: In NR, spatial dimension will contribute less to a large HARQ-ACK codebook size than in LTE while channel correlation in all other dimensions will be lower. HARQ-ACK bundling operation needs to be revisited for NR in order to provide adequate compression without high DL throughput loss.
Based on these observations we proposed the following:
Proposal 1: Support HARQ-ACK bundling HARQ-ACK bundling of multiple CBGs of a TB, but not only TB-level.
Proposal 2: RAN1 to consider UE-based and dynamic per-dimension HARQ-ACK bundling as a solution to reduce large UCI feedback in NR.
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