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1 Introduction

Enhancements to HARQ-ACK feedback for eCA were discussed in RAN1#81 and the following agreement on maximum HARQ-ACK codebook size was made [1]:
Agreements:
· The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at least 128 bits
· In case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits
However, the determination for the HARQ-ACK codebook was not resolved and it is the topic of this contribution.
2 HARQ-ACK Codebook Determination
In Rel-12, the HARQ-ACK codebook 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 in inclusion in the HARQ-ACK codebook 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) and some performance loss is incurred, while for HARQ-ACK transmission in the PUSCH more REs than necessary need to be reserved but this is contained by the fact that the maximum number of configured cells is limited to 5 (although, even in Rel-12, this can result in unavailability of required REs, especially in TDD). 
However, for a large number of configured cells such as up to 32 cells, coding and/or resource inefficiencies in the PUCCH or PUSCH are increased and the respective impacts need to be further considered. For example, for HARQ-ACK multiplexing in a PUSCH transmitted from a UE experiencing low-to-moderate SINR over a small number of RBs, such as 4 or less RBs, it is unlikely that existing resources are sufficient if the HARQ-ACK payload is determined according to the configured number of DL cells for a large number of configured DL cells [2, 3]. For example, for HARQ-ACK transmission in a PUCCH or for HARQ-ACK transmission in a PUSCH with modified mapping, modifications to existing TBCC decoder structures are necessary in order to exploit existence of known HARQ-ACK bit values. Such modifications were deemed undesirable during Rel-10 where a new PUCCH structure using dual-RM was introduced instead of the already UE-supported TBCC encoder structure (e.g. [4]). Moreover, as in eCA the HARQ-ACK payload can significantly vary per reporting instance, using TBCC when the number of actual HARQ-ACK bits is very small (e.g. less than 10) will result to worse BLER even with modified decoder structures. 
Observation 1: Rel-13 HARQ-ACK codebook determination based on the actual HARQ-ACK bits is preferable in terms of performance and re-use of existing decoder architectures.  

3 Dynamic HARQ-ACK Codebook Determination
The feasibility of HARQ-ACK payload reduction lies on the fact that considerable number of configured cells of a UE can be deactivated or not scheduled, and there can be some non-scheduled DL subframes within a same bundling window on scheduled TDD cells. In Rel-12, for a TDD system, if PUCCH format 3 is configured and the UE feeds back HARQ-ACK through PUSCH, the DL DAI in a DL scheduling assignment is used to indicate the accumulative number of PDSCH up to the current DL subframe within the bundling window and the UL DAI in an UL grant is used to determine the maximum number of PDSCHs that have been scheduled within the bundling window among all cells. For SPS PUSCH, HARQ-ACK feedback is for all configured cells and for all subframes of the bundling window. Combining the information from the DL DAI(s) and the UL DAI, a UE can identify non-scheduled DL subframes but respective HARQ-ACK bits are still included as the HARQ-ACK feedback is for all configured cells and the UL DAI is dimensioned according to the cell having the most scheduled subframes in the bundling window [5]. To avoid including HARQ-ACK feedback for non-scheduled cells for FDD and for both non-scheduled cells and non-scheduled subframes in TDD, a DAI capturing the cell dimension (cell-domain DAI) is needed.
Cell Domain DL DAI in FDD

In case all aggregated cells use FDD or the reference configuration for HARQ-ACK feedback uses FDD, the array of DL subframes across all configured cells can be regarded as a bundling window in the frequency domain, similar to the bundling window in the time domain for TDD system, and the order of DL subframes within the bundling window can be decided according to the respective cell index. 
The fundamental objective for HARQ-ACK payload size reduction is to identify cells for which the UE fails to detect respective DL assignments. However, different from the bundling window in the time domain, the transmission mode corresponding to DL subframes within the cell domain bundling window can be different in the number of supported codewords. This can lead to an ambiguity on the number of HARQ-ACK bits (one or two) for the missed DL assignment if spatial bundling for HARQ-ACK bits is not applied. As shown in Figure 1, if the value of the cell-domain DL DAI is interpreted as the number of PDSCHs, then the DL DAI value of subframe 3 should be 3. In this case, the UE can only identify that one DL assignment is missed but cannot confirm how many code words are missed as the transmission modes of subframe 1 and subframe 2 are different. Two options can be considered to resolve this issue:

Option 1: To interpret the value of cell domain DL DAI as the accumulative number of transmitted codewords up to the current cell within the cell domain bundling window. In this case, 3 bits for cell domain DL DAI are needed in order to ensure that UE can identify at most 3 missed detections for consecutive (according to cell indexes) DL assignments. An error event occurs if the UE fails to detect 4 consecutive DL assignments. Such an error event has an error probability in the order of 1e-8 which is acceptable. 
Option 2: To mandate spatial domain bundling and the value of DL DAI is interpreted as the accumulated number of PDSCHs from the first cell up to the current cell (according to the cell index) within the cell domain bundling window, similar as in Rel-12 TDD. In this case, 2 bits are needed for a cell-domain DL DAI. As each cell always corresponds to one HARQ-ACK bit, it can eliminate the ambiguity issue associated with the transmission mode. 
As performance loss can be expected if spatial domain bundling is applied when the codebook size is below the capacity of feedback channel (PUCCH/PUSCH), it is beneficial to keep spatial bundling configurable just as that in Rel-12.  In this case both Option 1 and Option 2 are needed depending on spatial bundling is applied or not. 
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Figure 1 Cell Domain Bundling Window

Proposal 1: A cell-domain DAI acting as a counter of transmitter codewords (3 bits) when spatial bunling is not applied or as a counter of transmitted DL assignments (2 bits) when spatial bundling is applied is introduced in DL DCI formats used for PDSCH scheduling in FDD.

The other issue to solve is the error event that occurs when the UE fails to detects DL assignments for cell indexes larger than the largest cell index for which the UE detected a DL assignment. For HARQ-ACK transmission in a PUSCH, using a cell-domain UL DAI can solve this issue. However, this is only a partial solution as it does not solve the cases of HARQ-ACK transmission in a PUCCH or in a SPS PUSCH or in a non-adaptive PUSCH retransmission. As all the subframes within the cell domain bundling window are scheduled at the same time, it is a reasonable assumption that the eNB is aware of the total number of scheduled codewords or transmitted DL assignments in the cell-domain bundling window. So the total number of scheduled codewords or transmitted DL assignments can be indicated dynamically per cell-domain bundling window in each DL assignment. This method requires including additional DAI bits (3 bits if the DAI counts codewords, 2 bits if the DAI counts DL assignments) in order for an error event to require than a UE fails to detect at least 4 DL assignments. An alternative that avoids inclusion of additional DAI bits is to rely on blind detection of the codebook size at the eNB through a CRC check. Given that very few UEs are scheduled PDSCH transmissions over many cells per subframe, the associated eNB complexity is much smaller than the one for a legacy UE for detecting (E)PDCCHs.  

Proposal 2: Consider dynamic indication in each DL assignment of the total scheduled codewords or transmitted DL assignments per subframe within a cell-domain bundling window in FDD.  
Cell Domain DAI in TDD
In case all aggregated cells are TDD or the reference configuration for HARQ-ACK feedback is TDD, a cell/timedomain bundling window can be defined to represent the set of subframes for which the UE shall transmit HARQ-ACK bits in the same uplink subframe, as shown in Figure 2. DL subframes within the bundling window are ordered first across the cell-domain and then across the time-domain . Based on the DL subframe ordering, the value of the DL DAI can count per codeword or per DL assignment consecutively across all DL subframes within the cell/time domain bundling window. The existing DAI can be reused in case of counting DL assignments and the existing DAI can be increased by 1 bit in case of counting codewords. 
Proposal 3: A cell/time domain DAI acting as a counter of transmitted codewords (3 bits) or as a counter of transmitted DL assignments (2 bits) is introduced in DL DCI formats used for PDSCH scheduling in TDD.
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Figure 2: Cell/Time Domain Bundling Window
The same issue as for FDD regarding the UE missing last DL assignments also needs to be addressed for HARQ-ACK transmission in a PUCCH or in a SPS PUSCH or in an non-adaptive PUSCH retransmission. However, different from FDD, the subframes within the cell/time domain bundling window are not scheduled at the same time. Nevertheless, similar to FDD, this issue can be addressed by eNB hypothesis testing based on CRC check (commonality with FDD can also be achieved). Alternatively, as the eNB scheduler knows the buffer status for the UE (and for other UEs), it is relatively simple to predict whether or not the UE will be scheduled in next subframe(s) of the bundling window. Then, a forward DL assignment indicator (FDI) field can be added to each DL assignment (2-3 bits if counting is over codewords or 1-2 bits if counting is over DL assignments) to indicate whether the DL assignment is the last one for a respective cell. The FDI can also serve to support HARQ-ACK time domain bundling [6].  

Proposal 4: The issue of missed last DL assignments by a UE is resolved either by hypothesis testing for the HARQ-ACK codebook size at the eNB or by including FDI bits per cell in each DL assignment.  
.
4 Conclusions

This contribution considered HARQ-ACK payload size reduction for Rel-13 CA. In particular, the following observations and proposals are made.
Observation 1: Rel-12 HARQ-ACK payload determination needs to be re-considered for Rel-13 CA enhancements and removal of HARQ-ACK bits that do not provide information can be beneficial.  

Proposal 1: A cell-domain DAI acting as a counter of transmitter codewords (3 bits) when spatial bunling is not applied or as a counter of transmitted DL assignments (2 bits) when spatial bunling is applied is introduced in DL DCI formats used for PDSCH scheduling in FDD.

Proposal 2: Consider dynamic indication in each DL assignment of the total scheduled codewords or transmitted DL assignments per subframe within a cell-domain bundling window in FDD. .  
Proposal 3: A cell/time domain DAI acting as a counter of transmitted codewords (3 bits) or as a counter of transmitted DL assignments (2 bits) is introduced in DL DCI formats used for PDSCH scheduling in TDD.
Proposal 4: The issue of missed last DL assignments by a UE is resolved either by hypothesis testing for the HARQ-ACK codebook size at the eNB or by including FDI bits per cell in each DL assignment.  
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