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1
Introduction
Work Item “LTE Carrier Aggregation Enhancement Beyond 5 Carriers” targets at as the second objective on enhancing carrier aggregation framework to support up to 32 component carriers. Enhancements to support UCI feedback on PUCCH for up to 32 DL carriers was identified in the WID [1] as one of the items for the second WI objective. The enhancements may include enhancements to UE HARQ-ACK reporting and feedback procedure. 

In this contribution, we consider enhancements to HARQ-ACK reporting and feedback procedure that aim to restrict the increase on HARQ-ACK payload and PUCCH overhead due to larger number of aggregated carriers, assuming that a new PUCCH format will be introduced.
2
Dynamic HARQ-ACK codebook size adaptation
Extending DL carrier aggregation for up to 32 DL carriers increases significantly the amount of UCI that needs to be transmitted in a single subframe, including the number of HARQ-ACK bits. In the case of FDD Pcell, up to 64 HARQ-ACK bits may need to be reported. In the case of TDD PCell, the increase is drastically larger. As consequence, it was agreed in RAN1#81 [2] that 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, and in case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits. Additionally, number of periodic CSI reports to be transmitted is increased significantly. Hence, it was agreed in RAN1#81 [2] that multiplexing of periodic CSI reports corresponding to multiple serving cells with HARQ-ACK feedback in a subframe is specified. 
Results in [4] show that multiple PRBs need to be allocated to a new PUCCH format, PUCCH Format 4, to support large HARQ-ACK payloads. Hence, the use of the new PUCCH format easily increases PUCCH overhead considerably. Introduction of SCell PUCCH allows in suitable network deployments for offloading part of PUCCH overhead to a small cell with lower UL or PUCCH load. However, PUCCH overhead offloading is not always possible. It needs to be ensured that specifications enable efficient use of PUCCH resources. There is a need to consider mechanisms to restrict the increase of HARQ-ACK payload [3], such as:
· HARQ-ACK bundling in spatial, time, and/or frequency domain 
· Reducing the number of HARQ-ACK feedback bits associated with non-scheduled serving cells or subframes.

Frequently, UE will not be scheduled on all cells that are configured in the carrier aggregation – some of SCells may even be deactivated. If the HARQ-ACK codebook size is semi-statistically determined according to the number of configured serving cells, UE will frequently transmit a considerable number of HARQ-ACK feedback bits associated with non-scheduled serving cells. The problem can be even more significant in TDD serving cells as UE may be scheduled only on a portion of available DL subframes. As HARQ-ACK feedback transmission for a large number of configured SCells requires use of the large new PUCCH format, PUCCH overhead can be increased unnecessarily. If the number of HARQ-ACK feedback bits associated with non-scheduled serving cells or subframes can be reduced, and if the size of the used PUCCH format can be aligned with the actual UCI size, more efficient use of PUCCH resources can be achieved.
We see that HARQ-ACK codebook size should be adapted dynamically to reflect the number of scheduled serving cells and subframes. Dynamic HARQ-ACK codebook size adaptation is important for both TDD and FDD PCell (or SCell carrying PUCCH). For example in the case of FDD CA with 32 DL carriers, dynamic HARQ-ACK codebook size adaptation can allow for frequent use of PUCCH Format 3 instead of considerably larger new PUCCH Format. 
Proposal #1: Dynamic adaptation of HARQ-ACK codebook size is supported for PUCCH for both TDD and FDD PUCCH cells.

Dynamic adaptation of HARQ-ACK codebook size causes severe error cases: eNB and UE may have different understanding on HARQ-ACK codebook size as well as on the order of reported HARQ-ACK bits. Both error cases increase ACK missed detection and NACK-to-ACK error probabilities. Hence, the design for HARQ-ACK codebook size adaptation must have sufficient mechanisms to ensure that these error cases occur at acceptably low probability. 

One such mechanism is addition of short CRC to UCI. When UCI payload is large and the new PUCCH format is used, the overhead – and link performance loss – from the short CRC can be reasonable. However, the overhead from CRC is excessive when UCI size is small enough so that PUCCH format 3 can be used. Hence we see that CRC alone is not a sufficient mechanism.    

Current LTE Releases rely on TDD on DAI signalling to indicate to the UE the number of scheduled subframes in a HARQ bundling window. We see that DAI signalling can be used as a base when defining the signalling mechanism for the HARQ-ACK codebook size. Obviously enhancements are needed. On a FDD cell, DAI field should be introduced and enhanced DAI signalling should operate in frequency domain over the scheduled serving cells. We see that frequency domain DAI operation is important also for the case of PUCCH on TDD cell, as otherwise e.g. scheduling restrictions on the minimum number of scheduled subframes per HARQ bundling window may be needed to ensure sufficient reliability. Hence, in the case of PUCCH on TDD cell, enhanced DAI signalling should operate jointly over both the frequency domain of scheduled serving cells as well as over the time domain of scheduled subframes in the HARQ bundling window. Preferably the enhanced DL DAI would be incremented in a frequency-first-time-second manner, to avoid the need to predict subframe n+k scheduling when generating DCI for subframe n. In other words, enhanced DAI would be incremented first over the scheduled cells before continuing DAI incrementing in the next subframe. 

One of the main problems in the current DL DAI signalling is that UE cannot be sure that it has received the “last” DL grant. Clearly this problem needs to be solved so that HARQ-ACK codebook size on PUCCH can be reliably determined based on DL DAI. One way to solve the problem is to use DL DAI on a predetermined cell – e.g. DL DAI for the scheduled cell with the lowest index – to provide effectively UL DAI operation. In other words, DL DAI for the scheduled cell with the lowest index indicates the total number of scheduled PDSCHs in that subframe (in the case of TDD PUCCH cell, the total number of scheduled PDSCHs in that and previous subframes within TDD HARQ-ACK bundling window). The DAI value is given by DAI = (number of scheduled PDSCHs -1) modulo 4. DAI operation is illustrated in Figure 1. 
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Figure 1. Illustration of DL DAI operation: a) DAI incrementing in frequency-first-time second manner b) DL DAI enhancement for improved reliability.
Additionally, one can make following notes:

· Errors on HARQ-ACK codebook size determination should not increase significantly the total missed ACK detection rate, NACK-to-ACK or DTX-to-ACK error rate. In other words, errors due to HARQ-ACK codebook size determination should be only a fraction of errors allowed for PUCCH detection on eNB.   
· Error case occurs if UE misses simultaneously the “last” DL assignment and for the scheduled cell with the lowest index. Although this probability can be considered to be low (10-4 or less), it may not be sufficient in all cases. E.g. if a large number of cells is scheduled (e.g. 128), single error creates a large number of missed ACK errors. Alternatively, if PUCCH Format 3 is selected, there is no CRC protection and single error can produce multiple NACK-to-ACK errors. Reliability of HARQ-ACK codebook size adaptation can be improved by signalling DAI = (number of scheduled PDSCHs -1) modulo 4 not only for the scheduled cell with the lowest index, but for the two scheduled cell with the lowest indices.

· A special case is faced when only one cell is scheduled to UE in a TDD subframe. Depending on scheduling decisions for the other subframes within the TDD HARQ-ACK bundling window, UE may use either PUCCH Format 3 or Format 4 for HARQ-ACK reporting. In this case, error would be faced in the HARQ-ACK codebook size determination if UE misses the DL assignment for the cell. To avoid such error case, certain minimum number of HARQ-ACK bits is reserved in HARQ-ACK codebook for each subframe within the TDD HARQ-ACK bundling window.        
Based on the discussion, we make following proposals:

Proposal #2: DAI signalling mechanism is enhanced to support dynamic adaptation of HARQ-ACK codebook size. DAI is introduced to DCI formats scheduling FDD serving cells.

Proposal #3: Enhanced DL DAI is incremented in frequency-first-time-second manner. 
3 
Dynamic PUCCH Format adaptation
In order to achieve efficient PUCCH resource usage as outcome from the dynamic HARQ-ACK codebook size adaptation, dynamic selection of the PUCCH format needs also to be supported. Otherwise, motivation for reducing the number of HARQ-ACK feedback bits associated with non-scheduled serving cells or subframes becomes questionable. 
In Releases 10-12, ARI signalling utilising PUCCH TPC command field on SCell DL assignment is used to dynamically select the PUCCH resource for the PUCCH Format 3. We see that ARI signalling mechanism could be extended to cover also dynamic selection of both PUCCH format and resource from a set of higher layer configured PUCCH format and resource combinations. Further, as UE may receive a considerable number of SCell DL assignments, we see that ARI signalling can be enhanced to support selection of a PUCCH format and resource combination from a larger set of configured options than currently specified. This can be achieved without a need to impose scheduling restrictions or increase the PUCCH TPC field size in DL assignments.  
Proposal #4: Dynamic selection of a PUCCH format applicable for HARQ-ACK feedback is supported. 
Proposal #5: ARI signaling is enhanced to support PUCCH format and resource selection. 
In [4], we present simulation results for potential structures for the new PUCCH format. The results show that for a certain payload a larger coverage can be supported simply with a wider PRB allocation in interference limited cases. Vice versa, a narrower PRB allocation can be sufficient when UCI payload is reduced e.g. by HARQ-ACK codebook size adaptation. Few PRB options can be supported for the new PUCCH Format 4 with a reasonable specification and implementation effort. Adjusting the number of PRBs used by the PUCCH Format 4 provides another mechanism to utilize dynamic HARQ-ACK codebook size adaptation for efficient PUCCH resource usage. Hence we see that the PUCCH format and resource combination, selectable with ARI, could contain also a configurable number of PRBs allocated for the new PUCCH Format 4. 
Observation #1: PUCCH format and resource combination, selectable with ARI, may contain also a configurable number of PRBs allocated for the new PUCCH format
4
CRC
It was agreed in RAN1#81 [2] that CRC is included in the HARQ-ACK transmission when UE transmits more than 22 HARQ-ACK/SR bits in a subframe in a CG. The issue was left for further studies for a UE that transmits less than 23 HARQ-ACK/SR bits in a subframe in a CG. The CRC length was also left open.  
Regarding the HARQ-ACK transmission on PUCCH with less than 23 HARQ-ACK/SR bits in a subframe in a CG, we make following notes:

· With dynamic HARQ-ACK codebook size adaptation and PUCCH format selection, there can be situations where HARQ-ACK codebook size is less than 23 HARQ-ACK/SR bits but due to temporal overload on PUCCH Format 3 resources, it is not possible to signal a PUCCH Format 3 resource to UE. Hence, less than 23 HARQ-ACK/SR bits would be transmitted on the new PUCCH Format 4.

· The coding scheme used on a PUCCH format should be fixed to avoid unnecessary implementation complexity. There is no point to dynamically change the coding scheme for a PUCCH format based on the HARQ-ACK codebook size. Hence, Rel-8 TBCC and rate matching should be always used on the new PUCCH Format 4.
· If CRC is included to HARQ-ACK transmission with less than 23 HARQ-ACK/SR bits in a subframe, the added relative overhead is large (or extremely large with only few HARQ-ACK bits). However, the motivation for dynamic HARQ-ACK codebook size adaptation is reduction of PUCCH overhead via dynamic PUCCH format selection. Otherwise, the motivation becomes questionable. For example, temporal increase in the PUCCH Format 4 coverage cannot be really utilized due to unpredictable and large variations on inter-cell interference. Hence we see that as long as HARQ-ACK bits are transmitted on the PUCCH Format 4, CRC should be included regardless of the actual number of HARQ-ACK/SR bits transmitted.         
Proposal #6: Rel-8 TBCC and rate matching is used and CRC is included in the HARQ-ACK transmission on any new PUCCH format, regardless of the number of bits.
The purpose of CRC in HARQ-ACK transmission is to ensure that sufficiently low NACK-to-ACK and DTX-to-ACK error rates are achieved. NACK-to-ACK performance with 8-bit CRC was evaluated in [4], showing that 8-bit CRC is sufficient from the NACK-to-ACK error rate viewpoint. With a dynamic selection between PUCCH Format 3 and PUCCH Format 4, PUCCH Format 4 will be used only when PDSCH is scheduled to UE on a considerable number of SCells. In that case, it is extremely unlike that UE will miss all DL assignments, which diminishes overall importance of DTX detection for the new PUCCH format. Hence, 8-bit CRC is sufficient also from DTX-to-ACK error rate viewpoint. Hence, we see that extending CRC beyond 8 bits just increases overhead unnecessarily.   
Proposal #7: 8-bit CRC is used with HARQ-ACK transmissions including CRC.
5
Extending the use of PUCCH Format 3
The capabilities of PUCCH format 3 should be fully utilized to achieve efficient use of PUCCH resources. The use of PUCCH Format 3 can be extended to support multiple periodic CSI reports as well as to support HARQ-ACK feedback for a larger number of DL cells via a FDD PUCCH cell (i.e. FDD PCell or SCell with PUCCH) than currently specified. The extensions can be achieved with rather simple specification changes. For example, simply by allowing the use of 22 bit payload and by introducing spatial bundling of HARQ-ACK feedback on a FDD PUCCH cell, PUCCH Format 3 can be extended to support HARQ-ACK feedback up to 21 carriers on a FDD PUCCH cell. This means significant increase in the usability of PUCCH format 3 in CA enhancement beyond 5CCs. Of course, the use of these mechanisms should be configurable by the network.
Proposal #8: PUCCH Format 3 use is extended to support HARQ-ACK reporting for more than 5 carriers as well as periodic CSI reporting for multiple serving cells.
Proposal #9: Spatial bundling of HARQ-ACK feedback, enabled/disabled by higher layer signalling, is supported for HARQ-ACK reporting on FDD PUCCH cells.
6
Conclusion
In this contribution, we discuss the necessary enhancements for HARQ-ACK feedback. Based on the discussion, the following proposals and observation can be summarized: 
On dynamic adaptation of HARQ-ACK codebook size and PUCCH format:

Proposal #1: Dynamic adaptation of HARQ-ACK codebook size is supported for PUCCH for both TDD and FDD celsl.
Proposal #2: DAI signalling mechanism is enhanced to support dynamic adaptation of HARQ-ACK codebook size. DAI is introduced to DCI formats scheduling FDD serving cells.
Proposal #3: Enhanced DL DAI is incremented in frequency-first-time-second manner. 
Proposal #4: Dynamic selection of a PUCCH format applicable for HARQ-ACK feedback is supported. 
Proposal #5: ARI signaling is enhanced to support PUCCH format and resource selection. 
Observation #1: PUCCH format and resource combination, selectable with ARI, may contain also a configurable number of PRBs allocated for the new PUCCH format
On HARQ-ACK transmission CRC:

Proposal #6: Rel-8 TBCC and rate matching is used and CRC is included in the HARQ-ACK transmission on any new PUCCH format, regardless of the number of bits.
Proposal #7: 8-bit CRC is used with HARQ-ACK transmissions including CRC.

On PUCCH Format 3 use and spatial HARQ-ACK bundling: 

Proposal #8: PUCCH Format 3 use is extended to support HARQ-ACK reporting for more than 5 carriers as well as periodic CSI reporting for multiple serving cells.
Proposal #9: Spatial bundling of HARQ-ACK feedback, enabled/disabled by higher layer signalling, is supported for HARQ-ACK reporting on FDD PUCCH cells.
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