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1 Introduction

Outcomes from RAN1#80 on CA enhancements include the following agreements and observations.
Agreements:
· RAN1 supports following two mechanisms for UCI feedback to support Rel.13 CA configurations.

· Enhancements to support UCI feedback on PUCCH on Pcell for up to 32 DL carriers and enhancements to support UCI feedback on PUSCH on one cell for up to 32 DL carriers

· Applicable to both cases when UL CA is configured or UL CA is not configured for UL CA capable UEs

· Applicable to non-UL CA capable UEs
· FFS: Multiple PUCCHs on Pcell

· Two PUCCH cell groups are configured for up to 32 DL carriers
· Applicable only when UL CA is configured
· FFS: how many PUCCH cell groups are supported
· FFS: more than two PUCCH cell groups case
Observations:

· For possible enhancements to UL control signaling to PUCCH formats and UCI on PUSCH,

· At least the following enhancements to PUCCH and PUSCH feedback formats could be considered in order to support the increase in UL control information based for the 36.300 CA deployment scenarios:
· The studies should take the effect on DL throughput and UL operation points into account

· One or more new PUCCH format for increasing PUCCH payload capacity including considerations on UL overhead

· Details FFS including but not limited to

· Supported payload size(s)

· Channel coding

· Detailed structure of the new format

· PUCCH format selection including fallback operation

· Enhancements on UCI transmission on PUSCH      

· Details FFS including but not limited to       

· Supported payload size[s]

· Channel coding and resource element mapping

· Extension of the PUCCH-on-SCell mechanisms for Rel. 12 CA configurations to Rel.13 CA configurations for UL CA capable UEs.

· Enhancements to PUCCH resource allocation/selection

This contribution considers necessary enhancements for supporting HARQ-ACK transmission in a PUCCH or in a PUSCH from a UE configured with up to 32 DL cells. 

2 HARQ-ACK Transmission
From the agreement in RAN1#80, enhancements to UCI feedback are to be supported on one cell for up to 32 DL carriers. For UCI feedback on PUSCH, there can obviously be only a single transmission. For the case of PUCCH, it is FFS whether multiple PUCCHs are also supported. Using multiple PUCCHs is disadvantageous because it can result to UCI scaling/dropping and complicates UE implementation and testing as OOB emissions will need to be considered (note that for large HARQ-ACK and/or CSI payloads, a PUCCH transmission power is not “low”). In the following, UCI transmission in a single PUSCH or in a single PUCCH is considered and focus is on HARQ-ACK.  
2.1 PUCCH
A maximum HARQ-ACK payload occurs when the UE is configured with a TDD PCell, 31 FDD SCells, a PDSCH TM supporting 2 data TBs and UL/DL configuration 5 on the TDD PCell. Then, the maximum HARQ-ACK payload is 2 x 9 + 2 x 10 x 31 = 638 bits. Clearly, this is excessive. If spatial domain bundling applies, the HARQ-ACK payload is 319 bits which is also excessive considering a target NACK-to-ACK BER of 0.1%. If further payload size reduction is needed, time domain bundling or cell domain bundling that were not adopted in Rel-10 can be re-considered. However, as discussed and evaluated during Rel-10, the associated cell throughout losses with time domain bundling can exceed 10% (even for a low UE speeds) while cell domain bundling results in even higher throughput loss as transmissions in different cells can experience largely uncorrelated channels - e.g. [4, 5]. In reality, these losses are optimistic as largely uncorrelated channels can also occur when interference is not strongly correlated among subframes or among cells as, for example, for small cell environments. Time-domain bundling or cell-domain bundling needs to address the case of one or more missed DL assignments (e.g. in the last subframe for time-domain bundling). Due to these issues, PUCCH Format 3 was first defined in Rel-10, and it was then further enhanced to include dual RM coding in order to support TDD, to allow full HARQ-ACK multiplexing (with/out spatial domain bundling).  
As in Rel-10, a remedy is to place a limitation in the number of DL cells a UE can be configured when the DL-reference UL/DL configuration is UL/DL configuration 5. Considering instead UL/DL configuration 2 or 4 as the DL-reference UL/DL configuration and maintaining use of spatial domain bundling, the maximum HARQ-ACK payload becomes 128 bits which is about 6 times larger than in Rel-10. Further restrictions can be envisioned in the allowable number of cells that can have a DL-reference UL/DL configuration with a bundling window size of 4 subframes but further significant reductions in the maximum HARQ-ACK payload are not possible. This can also be seen from establishing a minimum lower bound for the HARQ-ACK payload in TDD. For example, if the DL-reference UL/DL configuration is UL/DL configuration 1 (not possible in eIMTA) having a bundling window size of 2 subframes, and again considering spatial domain bundling, the HARQ-ACK payload is 64 bits or about 3 times larger than the Rel-10 maximum one. If all cells use FDD and spatial domain bundling applies, the maximum HARQ-ACK payload is 32 bits (~1.5x the Rel-10 one).
Observation 1: If needed, time domain bundling can be prioritized over cell domain bundling but in either case a throughput loss larger than 10% is expected. The issue with missed DL assignments needs to also be addressed.
Observation 2: At least when most cells operate with TDD, the HARQ-ACK payload can be expected to be between 64 bits and 128 bits. 
In determining enhancements to UL channels that can support HARQ-ACK payloads in the range of 64-128 bits, there are (at least) two relevant aspects. First, PUCCH Format 3 has a capacity of 22 HARQ-ACK bits and a multiplexing capacity of 5 UEs (or 4 UEs if SRS transmission in the last subframe symbol is considered). In order to support an increase of the HARQ-ACK payload by a factor of ~3x to ~5x, a respective decrease in the multiplexing capacity should be considered leading to a multiplexing capacity of 1-2 UEs per PRB. Reducing the number of UEs per PRB results to roughly linear SINR gains (in the linear domain). Second, block codes begin to underperform convolutional codes for payloads above 20-30 bits and convolutional coding should be used if the maximum HARQ-ACK payload is above 22 bits up to approximately 128 bits (turbo codes may need to be considered for even larger payloads [2] but this seems unlikely to be needed). An existing structure that can easily support the above aspects is the PUSCH structure using DFT-S-OFDM. For HARQ-ACK payloads between ~23 to ~44 bits, a multiplexing capacity of 2 UEs per RB can be achieved while maintaining a sufficiently low code rate. Modifications to the PUCCH Format 3 structure, such as for example using 2 RBs to reduce the code rate, or using the PUSCH structure are candidate approaches. 

For FDD, if spatial-domain bundling always applies when the HARQ-ACK payload exceeds a number of bits, the HARQ-ACK payload can be always contained to less than or equal to 32 bits. A payload that exceeds 22 bits can be difficult to support as the code rate increases. If PUCCH Format 3 is to be maintained, some degree of cell-domain HARQ-ACK compression is needed. Otherwise, FDD can follow the same approach as for TDD for HARQ-ACK payloads in the range of ~23 to ~44 bits. 

Observation 3: Two new PUCCH formats based on the PUSCH or PUCCH Format 3 can address a mid-range and a high range of additional HARQ-ACK payloads for TDD systems. Either PUCCH Format 3 or one of the two new PUCCH formats can be used for FDD. Convolutional coding can be used depending on the HARQ-ACK payload.
2.2 PUSCH

Support of large HARQ-ACK payloads in the PUSCH presents an even bigger challenge than in the PUCCH due to the worse link budget. For small RB allocations (e.g. SPS PUSCH or TCP ACKs), sufficient resources may not exist even for typical HARQ-ACK payloads encountered in Rel-10 CA [3]. It is noted that the existing selection rule for the PUSCH where the UE multiplexes HARQ-ACK does not consider any PUSCH attribute (PUSCH in cell with smallest index is selected) and it is therefore highly likely that HARQ-ACK needs to be multiplexed in a PUSCH with small RB allocation (e.g. SPS on PCell) and/or poor SINR. This also negates potential use of higher order modulations, such as QAM16, which anyway cannot provide a general solution although they may be used opportunistically to reduce UCI overhead in a PUSCH transmission (similar discussions occurred to using QAM16 to modulate A-CSI).
One approach would be to increase the number of PUSCH subframe symbols where HARQ-ACK can be multiplexed. However, this will also require changing the RI multiplexing and possibly puncturing information in the last symbol when the PUSCH transmission bandwidth overlaps with configured SRS transmission bandwidth. Such an approach will have significant specification and implementation impact and may not solve the problem of multiplexing large HARQ-ACK payload in the PUSCH.
Another approach is to mandate a UE supporting configuration of a large number of DL cells to also support simultaneous PUCCH and PUSCH transmissions. Then, HARQ-ACK multiplexing in the PUSCH can be always avoided. This may limit deployment due to additional regulatory requirements and RF design complexity.
Another approach, since larger HARQ-ACK payloads than in Rel-10 should preferably use convolutional coding instead of RM coding or repetition coding, is to treat HARQ-ACK in the same manner as A-CSI since UEs with very high mobility (e.g. above 120 Kmph) are not expected to be scheduled over a very large number of DL cells. 

Observation 4: Multiplexing HARQ-ACK payloads larger than 22 bits in the PUSCH can be more challenging than in the PUCCH. Possible approaches include mandating a UE to support simultaneous PUSCH and PUCCH transmissions or multiplexing HARQ-ACK in the PUSCH as for A-CSI.
3 Payload Size Reduction
In Rel-12, the HARQ-ACK payload is determined based on the number of configured cells (and the configured TM unless spatial bundling is used) for both FDD and TDD. For TDD and for transmission in the PUCCH, the HARQ-ACK payload is further dimensioned by the bundling window size while for transmission in the PUSCH it is dimensioned by the value of the UL DAI. Considering the number of configured cells and not the number of activated or scheduled cells can result to inclusion in the HARQ-ACK payload of HARQ-ACK bits that do not provide any information. This does not have a significant degrading effect in Rel-12 as, for HARQ-ACK transmission in the PUCCH, the main impact is that dual RM may be used when single RM would have been sufficient (TDD-only), while for HARQ-ACK transmission in the PUSCH, more REs than necessary may need to be reserved but this is contained by the fact that the maximum number of configured cells is limited to 5. However, for a large number of configured cells, coding and/or resource inefficiencies in the PUCCH or PUSCH are increased and the respective impacts need to be further considered.  

Observation 5: Rel-12 HARQ-ACK payload determination needs to be re-considered in case of a large number of configured cells and removal of HARQ-ACK bits that do not provide information is beneficial.  

4 Conclusions

This contribution considered necessary enhancements for supporting HARQ-ACK transmission in a PUCCH or in a PUSCH from a UE configured with up to 32 DL cells. In particular, the following observations are made.

Observation 1: If needed, time domain bundling can be prioritized over cell domain bundling but in either case a throughput loss larger than 10% is expected. The issue with missed DL assignments needs to also be addressed.
Observation 2: At least when most cells operate with TDD, the HARQ-ACK payload can be expected to be between 64 bits and 128 bits. 
Observation 3: Two new PUCCH formats based on the PUSCH or PUCCH Format 3 can address a mid-range and a high range of additional HARQ-ACK payloads for TDD systems. Either PUCCH Format 3 or one of the two new PUCCH formats can be used for FDD. Convolutional coding can be used depending on the HARQ-ACK payload.
Observation 4: Multiplexing HARQ-ACK payloads larger than 22 bits in the PUSCH can be more challenging than in the PUCCH. Possible approaches include mandating a UE to support simultaneous PUSCH and PUCCH transmissions or multiplexing HARQ-ACK in the PUSCH as for A-CSI.
Observation 5: Rel-12 HARQ-ACK payload determination needs to be re-considered in case of a large number of configured cells and removal of HARQ-ACK bits that do not provide information is beneficial.  
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