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1. Introduction
In RAN1#86bis [1] and RAN1#87 [2], the following were agreed regarding UCI in NR:
· UL control channel can be transmitted in long duration
· over multiple UL symbols to improve coverage
· FDMed with UL data channel within a slot
· Physical uplink  control signaling should be able to carry at least hybrid-ARQ acknowledgements, CSI reports (possibly including beamforming information), and scheduling requests
Furthermore, the following agreements were made in RAN1#87 regarding the support of CA in NR:
· NR should provide support for carrier aggregation, including different carriers having same or different numerologies.
· For phase 1, carrier aggregation/dual connectivity operation within NR carriers over e.g. around 1GHz contiguous and non- contiguous spectrum from both NW and UE perspectives is supported
· [4 - 32] should be assumed for further study of the maximum number of NR carriers
· Cross-carrier scheduling and joint UCI feedback are supported
In this contribution, we discuss the support of joint UCI feedback in NR CA and focus on the issue of large HARQ-ACK payload expected in some NR scenarios. 
2. Increase of HARQ-ACK feedback size in NR
LTE
In LTE, the DL HARQ mechanism is implemented to correct erroneous TBs in the PHY layer. Multiple HARQ processes exist for a transmitting device to send TBs. Once a TB is sent from a particular process, it waits for an ACK/NACK bit. Until the device receives ACK or NACK, the process will be at inactive state and will not process other TBs. The transmitting device buffers the transmitted TBs of the multiple processes, so as to retransmit in case of NACK. 
One ACK/NACK transmission in an UL SF may correspond to several HARQ-ACK bits, associated with a HARQ-ACK codebook. In TDD, an UL SF may need to carry ACK/NACK for multiple (up to 9) DL SFs. Moreover, in CA it is possible to ACK/NACK a number of same TTI SFs from multiple (up to 32) cells together within a joint UCI. Finally, some transmission modes support multiple CWs per SF (up to 2 spatial layers for DL data for each UE).  
The maximum number of HARQ-ACK bits with 32 carriers, TDD-FDD with UL/DL configuration 5, and 2 spatial layers, is 638 when no methods to contain the ACK/NACK feedback are considered, or 319 when considering spatial bundling. Moreover, for supporting unlicensed carriers this number could be higher; although UCI feedback on unlicensed carrier was not concluded in eLAA WI, initial discussions considered an expected maximum number of 496 HARQ-ACK bits when assuming 16 HARQ processes per cell and without considering the possibility of deferring this ACK-NACK feedback to a later UL SF (with additional feedback) in case of LBT failure.  
NR
Recent agreements in NR SI show that all aforementioned LTE aspects, leading to multi-bit HARQ-ACK feedback in UL, will be inherited:
· TDD support and coexistence with LTE FS2: TDD will be the main duplex scheme for NR, especially for higher carrier frequencies (e.g. >6GHz). Alignment will 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.
· Carrier aggregation and joint UCI feedback: Maximum number of NR carriers for aggregation is assumed to be up to [32], while joint UCI feedback (i.e. anchor cell transmitting UCI for DL data in multiple cells) is supported.
· Unlicensed carriers: RAN1 will start covering compatibility for support of unlicensed spectrum in NR from March 2017.
Furthermore, some other aspects have been discussed or agreed for change or addition, which can significantly increase further the HARQ-ACK payload:
· Multiple CWs per SF: At least a max of 2 codewords per one scheduled physical DL data channel is expected in NR, while the case of >=3 codewords is currently considered in MIMO discussions.
· Multiple HARQ-ACK per TB or multi-segment single-carrier: Several proposals support that 1 HARQ-ACK bit per TB may not be efficient in NR due to larger TB size from larger bandwidth. One suggested solution is to split TB into smaller groups of CBs and send ACK/NACK for each CB-group. Another direction is to split a large bandwidth carrier into subbands and send feedback for each one.
· Different numerology among carriers: The aspect of having different numerologies between different carriers for a given UE is currently under study. This however means larger UCI payload in case the anchor carrier has lower SCS than other carrier(s) in its PUCCH/UCI group. 
· Support for Asynchronous HARQ: Allowing scheduler to decide HARQ timing provides more flexibility which translates though to higher UCI feedback if it is to be harnessed.
Observation 1: Large UCI payloads are expected in NR, especially when supporting CA and joint UCI feedback.
Issues with large UCI payload
In NR, both short (e.g. 1-2 symbol period) and long (e.g. 7-14 symbol period) duration are supported for UCI transmission. A long control format is supported to improve the coverage of UCI transmission or support large UCI payload. As discussed above, HARQ-ACK feedback corresponding to multiple DL transmissions can be aggregated and transmitted within a UCI transmission. In addition to larger HARQ-ACK feedback, more CSI reports may need to be may be needed in NR, e.g. to support multi-beam operation.
Some serious issues arising from having to deal with large UCI payload are the following.
UL control overhead: Large UCI payload will require several PUCCH resources over time or frequency. Furthermore, if large UCI is multiplexed with UL-SCH data, the performance of UL data channel will be severely affected.
UCI transmission coverage: UCI in long duration 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. 
CSI dropping: 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.
Degraded performance in unlicensed: In case UCI only via licensed cell is followed in NR (as in Rel-14 LAA), licensed cell may not have enough resources to accommodate unlicensed A/N bits. In case UCI via unlicensed carrier is considered, if a defer procedure is introduced to reduce missing ACK/NACK, payload size will be unpredictable due to unpredictable success of UL LBT. 
Observation 2: Mechanisms to contain large UCI feedback will be needed in order for NR to provide similar link budgets as LTE and reasonable UL overheads, reduce the need of UCI dropping, and ease the support of unlicensed carriers.
Proposal 1: Study mechanisms to reduce large HARQ-ACK payload in UL, at least to support joint UCI feedback in NR CA.
3. Revisited HARQ-ACK bundling for NR CA
Several techniques have been used or discussed within LTE for containing the HARQ-ACK codebook size. For example, a max bundling window size for DL SFs can be imposed to dimension the codebook (as was done in TDD for time dimension); however, such solutions restrict the UL/DL configuration flexibility. In eCA, the main chosen solution was to be able to have payload dynamic adaptation based on what is actually scheduled in DL (and not configured); however, such solution cannot combat a feedback increase on scheduled SFs in NR due to e.g. multiple HARQ-ACK per TB or double SCS. During eLAA WI, there were proposals for multiple (>2) grouping of carriers with UCI per group; however, such solution challenges the limited UL CA capabilities of current and near future UEs. Letting eNB restrict the scheduling of DL CCs or the scheduled HARQ processes has also been considered; however, such restrictions affect DL throughput performance which is the main purpose of CA.
Another extensively considered technique in LTE, has been HARQ-ACK bundling, i.e. binary AND operation among multiple ACK/NACK bits. In theory, such bundling could 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). However, HARQ-ACK bundling has only been used to a small extend. 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 DL throughput reduction. When UE sends back a bundled NACK to gNB, there is the possibility that some TBs within the bundle were ACK’ed. gNB doesn’t know however which TB failed and will have 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).
However, the above disadvantage comes due to the fact that HARQ-ACK bundling has been considered to be solely enabled by gNB and in a static-like way, i.e.:
· UEs are not allowed to decide if/when to enable bundling even if it is actually them having the exact knowledge of ACK/NACK feedback. 
· 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 HARQ-ACK bundling is a powerful technique to compress ACK/NACK payload which, if revisited to allow UE-driven and dynamic per-dimension bundling operation, can offer payload reductions without the disadvantage of reduced DL throughput (see Figure 1). 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 keep a pre-configured bundling approach where gNB configures the hard limitations on bundling per UE. Then, based on the configuration, a UE can decide if/how to bundle on order to achieve the smallest possible feedback payload.  Of course, such UE-centric dynamic HARQ-ACK bundling requires a mechanism for gNB and UE to acquire common understanding of the ACK/NACK codebook size. This would require for example some additional information sent from UE together with ACK/NACK bits so as the gNB, by decoding them first, can know the codebook size. 
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Figure 1 – UE-driven, dynamic HARQ-ACK bundling.
[bookmark: _GoBack]Proposal 2: It is proposed to consider HARQ-ACK bundling as a solution to reduce large UCI feedback in NR, and revisit its mechanism compared to LTE to allow a UE-centric bundling, i.e. UE may decide when to enable bundling as well as how to bundle across a dimension, in order to achieve payload compression with limited DL throughput loss.
4. Conclusions 
In this contribution, we provided some thoughts in supporting joint UCI feedback in NR CA.
Observation 1: Large UCI payloads are expected in NR, especially when supporting CA and joint UCI feedback.
Observation 2: Mechanisms to contain large UCI feedback will be needed in order for NR to provide similar link budgets as LTE and reasonable UL overheads, reduce the need of UCI dropping, and ease the support of unlicensed carriers.
Proposal 1: Study mechanisms to reduce large HARQ-ACK payload in UL, at least to support joint UCI feedback in NR CA.
Proposal 2: It is proposed to consider HARQ-ACK bundling as a solution to reduce large UCI feedback in NR, and revisit its mechanism compared to LTE to allow a UE-centric bundling, i.e. UE may decide when to enable bundling as well as how to bundle across a dimension, in order to achieve payload compression with limited DL throughput loss.
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