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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 RAN1#82 [2] it was agreed that HARQ-ACK codebook size is dynamically determined:
· To ensure same understanding between eNB and UE regarding the HARQ-ACK codebook (including HARQ-ACK order and size)
· FFS, eNB transmits signaling in DL assignment: 
· FFS: Detailed signaling, e.g., 
· Counter DAI only
· FFS: Whether DAI can be not consecutive
· A Counter DAI and a Total DAI
· Combined DAI carrying either Counter or Total, based on the order of scheduling

· HARQ-ACK codebook indicator to indicate the possible carriers
· Note: Other alternatives are not precluded

· FFS: Additional UL signaling to indicate HARQ ACK codebook size
· FFS: PUCCH format adaptation
HARQ-ACK codebook determination was considered further in the post RAN1#82 email discussion [82-03] where different options were presented. In this contribution, we present our views on the dynamic HARQ-ACK codebook size determination.
2
Discussion on HARQ-ACK codebook determination options
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, when designing HARQ-ACK codebook determination mechanisms, achieving high reliability while maintaining scheduler flexibility and low DL/UL overhead are main design targets. 
Dynamic determination of HARQ-ACK codebook facilitates efficient PUCCH resource usage if PRB allocation of the new PUCCH format can be dynamically adjusted to the HARQ-ACK codebook size. Dynamic HARQ-ACK codebook adaptation allows also for frequent use of PUCCH Format 3 instead of considerably larger new PUCCH format. We see the possibility to use PUCCH Format 3 as another important issue to consider when designing dynamic HARQ-ACK codebook determination. 
In the post RAN1#82 email discussion [82-03], the potential solutions for HARQ-ACK codebook determination were categorized as CC-domain DAI, HARQ-ACK codebook indicator, Scheduled CC indicator, and CRC scrambling. When looking at the other potential solutions, we note:

· CC-domain DAI can achieve high reliability while maintaining full scheduling flexibility. UL overhead can be reduced significantly while the increase in DL overhead can be kept reasonable or even avoided all together. 
· HARQ-ACK codebook indicator relies on predefined or preconfigured codebooks or CC sub-sets for which UE reports HARQ-ACK. Clearly this kind of approach cannot facilitate such high flexibility as CC-domain DAI. Instead, one can expect that frequently actual CC scheduling does not match any of preconfigured CC subsets, and UE needs to use the full HARQ-ACK codebook corresponding to the complete set of configured DL CCs. Hence, HARQ-ACK codebook indicator falls behind CC-domain DAI in the reduction of unnecessary UL overhead. Additionally it is not clear how the HARQ-ACK codebook indicator operates with TDD PUCCH cell. For example, eNB may have scheduled UE with CCs from a particular CC sub-set, and indicated HARQ-ACK codebook accordingly. However, at the latter part of CC/subframe bundling window, eNB needs to schedule UE with CCs not part of the indicated CC sub-set. It is not clear how this could be done. Potential alternatives include: 

· It cannot be done, i.e., a scheduling restriction is imposed. eNB needs to make its scheduling decisions for the whole CC/subframe bundling window already at the beginning of bundling window.

· Earlier HARQ-ACK codebook indicators can be overridden, and UE follows only the latest HARQ-ACK codebook indicator. To achieve sufficient reliability, eNB needs to schedule a sufficient number of CCs with the latest HARQ-ACK codebook indicator. If the latest HARQ-ACK codebook indicator was indicated only with a single DL assignment, HARQ-ACK codebook size error could occur e.g. at 1% probability. In other words, also this alternative sets a scheduling restriction to eNB.    
· Main drawback of Scheduled CC Indicator is unnecessarily large DL overhead. The complete DCI would be transmitted multiple times separately for each scheduled UE configured for Rel-13 enhanced CA. Transmission of multiple Scheduled CC Indicator DCIs would be needed even if UE would be scheduled only on few CCs. Additionally, to avoid predictive scheduling in case of TDD PUCCH cell, eNB would need to transmit Scheduled CC Indicator DCI on every scheduled subframe within the CC/subframe bundling window.   

· CRC scrambling was proposed to reduce the impact of error cases, and correspondingly, CRC scrambling itself does not present a mechanism for actual HARQ-ACK codebook determination at the UE. 
As both HARQ-ACK codebook indicator and Scheduled CC indicator present clear drawback in terms of unnecessary UL overhead, scheduling restrictions, or DL overhead, and the proposed CRC scrambling does not provide a mechanism for dynamic HARQ-Ack codebook determination, we see the CC-domain DAI as most attractive alternative.
2.1
Discussion on detailed CC-domain DAI options
In the email discussion, several detailed options within the CC-domain DAI approach were addressed. In the following, these detailed options are discussed further.
One of the aspects is whether separate CC-domain DAI and subframe-domain DAI fields are introduced to the DL assignment, or whether single joint DAI field, accumulated across CC-domain and subframe-domain jointly is used. With 2-bit DAI fields, the approach with separate CC-domain DAI and subframe-domain DAI fields can detect if UE misses up to 3 consecutive DL assignments. As joint CC/subframe domain DAI reaches similar performance, but requires only half of the DAI overhead, we prefer joint CC/subframe domain DAI using the existing 2-bit DAI field.
Perhaps the main open issue of CC-domain DAI is the problem of UE missing the last DL assignment. Several potential solutions were presented in the email discussion: 
· Addition of last DL assignment indicator (LDI), forward DL assignment indicator (FDI) or last Counter DAI group indicator (LDGI) to DCI. Perhaps the main weakness of these solutions is that in the case of TDD PUCCH cell, eNB should know beforehand whether it will schedule (or not) the UE in the following subframe of the CC/subframe bundling window, and in case of FDI or LDGI, on how many CCs it will schedule the UE in the following subframe. We see it preferable that eNB retains the possibility to perform scheduling for each subframe separately. 
· Introduction of Total DAI operation, either by introducing new DCI field or reserving DAI field in particular DL assignment(s) for Total DAI. Total DAI operation can provide sufficiently high reliability while maintaining full scheduling flexibility at eNB. Additionally, we do not see any need to introduce a separate Total DAI field, increasing DL overhead and changing the DCI size, as the same functionality can be supported with high reliability by using the existing 2-bit DAI field. 
· The way DAI is incremented (descending/ascending) indicates a set of predefined codebook sizes. As a particular solution, the DAI incrementing order indicates whether the HARQ-ACK codebook size contains even or odd number of scheduled CCs/subframes. The operation with TDD PUCCH cell seems problematic. It seems that this solution requires that when eNB transmits the first DL assignment in a CC/subframe bundling window, it should already know the exact number of subframes/CCs that eNB will schedule during the whole bundling window. In other words, eNB needs to schedule the whole CC/subframe bundling window in one shot at the beginning of bundling window.
· UE signals the codebook size assumed. Introduction of explicit data associated signaling is significant change to LTE, requiring considerable efforts both on specification and implementation. Implicit signaling based on CRC scrambling requires CRC which may not be present with HARQ-ACK/SR payloads below 23 bits, especially if PUCCH Format 3 is dynamically selected. On the other hand, implicit signaling based on DMRS orthogonal cover code would be one option when PUCCH Format 3 is used. For example, OCC could indicate whether the codebook size seen by UE is an odd number or even number. It is noted that OCC domain cannot be applied in the case of extended CP length since there is just one DMRS block per slot available. 
· Blind detection of codebook size at eNB. In here, eNB could blindly check the correct codebook size as well as few smaller ones to mitigate the problem of missed last DL assignment. This kind of operation requires CRC which may not be present with HARQ-ACK/SR payloads below 23 bits, especially if PUCCH Format 3 is dynamically selected. 
Based on the discussion, we see that Total DAI operation does not limit eNB scheduling flexibility or limit the UL overhead reduction by excluding the use of PUCCH Format 3. Additionally, we do not see any reason to introduce a separate DCI field for Total DAI. Hence we propose:
Proposal #1: Dynamic adaptation of HARQ-ACK codebook size is supported by enhanced DAI signalling:

- 2-bit joint CC/subframe DL DAI field is used

- DL DAI field indicates Counter DAI, except for particular DL assignments where DL DAI field indicates Total DAI
It should be noted that Total DAI operation faces a special case when TDD PUCCH cell is used for HARQ-ACK reporting. The special case occurs when UE is scheduled in multiple subframes within the CC/subframe bundling window, but only on one CC in the last scheduled subframe. In this case, error would be faced in the HARQ-ACK codebook size determination if UE misses the last DL assignment for the cell. To avoid such error case, UE should report a minimum number of HARQ-ACK bit(s) for the last subframe within the TDD HARQ-ACK bundling window. In the case that UE does not detect any DL assignment on the last subframe, it will report just NACK(s). Obviously, this kind of mechanism is not used when UE performs fall back to PUCCH Format 1a/b.        
Proposal #2: In the case of UE reporting HARQ-ACK bits on TDD PUCCH cell, UE will report HARQ-ACK bit(s) at least for one CC on the last subframe of the CC/subframe bundling window, with the exception of PUCCH Format 1a/b fall back.

Another issue identified for CC-domain DAI relates to the TM ambiguity on CCs for which UE misses the DL assignments. Four basic options were presented: 
· Counter DAI is incremented over scheduled CWs instead of CCs. This provides accurate accumulation of HARQ-ACK bits, but at price of increased DAI field and changed DCI sizes.

· Spatial bundling of HARQ-ACK bits is always used. Spatial bundling is frequently used in TDD CA, although it results in some loss in DL throughput.   

· UE assumes 2 HARQ-ACK bits for all CCs. This results in somewhat too large HARQ-ACK codebook.
· CCs are grouped into 2 separate CC groups according to configured TM, and Counter DAI is accumulated separately for both groups. This increases the logical complexity of DAI, and also results in somewhat too large HARQ-ACK codebook. 
As fifth option, configurable selection between spatial HARQ-ACK bundling and 2-bit HARQ-ACK reporting per CC was presented. We see the first three options and the fifth option (Opt. 1.2.1, 1.2.2, 1.2.3, 1.2.5 in the email discussion) as feasible alternatives, with relatively equal benefits and drawbacks. From the considered options, we have slight preference for the fifth option (Opt. 1.2.5 in the email discussion). 
Observation #1: For handling of TM ambiguity for CCs for which UE missed DL assignment, we have slight preference for solution where eNB can configure either spatial bundling over all CCs or 2 HARQ-ACK bit reporting per CC regardless of TM (Opt. 1.2.5)  
The new PUCCH Format 4 will be configured to an UE with the intention that it will carry an UCI payload larger than 22 bits. Correspondingly, sufficient number of PRBs will be allocated to PUCCH Format 4 so that such large UCI payload with 8-bit CRC can be reliably signalled. However, due to dynamic HARQ-ACK codebook determination, there can be occasions when less than 23 HARQ-ACK/SR bits are reported with PUCCH Format 4. Having a 8-bit CRC attached also for that kind of transmission does not cause any increase in the resource consumption, as the PUCCH Format 4 resource is pre-configured and dimensioned for a larger payload. Quite the contrary, using single coding and CRC protection scheme on a PUCCH format can simplify the PUCCH format reception on eNB.     

Proposal #3: Rel-8 TBCC and rate matching is used and 8-bit CRC is always included into the HARQ-ACK transmission on new PUCCH format, regardless of the number of bits.
One of the important issues in the design of DAI signalling is that eNB should not be required to do scheduling decisions for the whole CC/subframe bundling window already at the beginning of bundling window. As consequence, Counter DAI is preferably incremented in a frequency-first-time-second manner, to avoid the need to decide scheduling for subframe n+k already when generating DCI for subframe n. In other words, enhanced DAI would be incremented first over the scheduled CCs before continuing DAI incrementing in the next subframe. Equally, Total DAI should preferably indicate the total number of scheduled CCs per subframe, as otherwise eNB should know beforehand whether an UE is scheduled (or not) in the following subframes of the CC/subframe bundling window.
Proposal #4: Counter DAI is incremented in frequency-first-time-second manner. 
Proposal #5: Total DAI indicates the total number of CCs with PDSCH transmissions and with PDCCH/EPDCCH indicating DL SPS release within that subframe, or in the case of TDD PUCCH cell, within that and previous subframes within the TDD CC/subframe bundling window. 
As said, we see the possibility to use PUCCH Format 3 as an important issue to consider when designing dynamic HARQ-ACK codebook determination. When HARQ-ACK/SR bits are reported on PUCCH Format 3, 8-bit CRC is not included. This means that attention is needed especially on NACK-to-ACK error probabilities. Currently, 0.1% NACK-to-ACK error rate requirement is used for PUCCH detection on eNB. We see that the errors on HARQ-ACK codebook determination should contribute only a minor fraction to the complete NACK-to-ACK error rate remaining around 0.1%. When looking at the reliability of HARQ-ACK codebook determination with Total DAI, one can note that erroneous HARQ-ACK codebook is determined when UE misses too many consecutive DL assignments so that Counter DAI will fail. With 2-bit DAI field, this requires that UE misses 4 consecutive DL assignments, which is highly unlikely and only a small fraction of 0.1%. Further, it should be noted that when Total DAI is indicated on the DAI field for the CC with lowest CC-index, UE can detect the missing of Total DAI based on the Counter DAI indicated for the other scheduled CCs within the same subframe. Hence we see that CC-domain DAI incorporating Total DAI operation reaches sufficient reliability. However, if higher reliability is seen as necessary, the reliability can be simply improved by signalling DAI = (number of scheduled PDSCHs -1) modulo 4 not only for the scheduled cell with the lowest CC index, but for the two scheduled cells with the lowest CC indices.
Proposal #6: Total DAI is indicated on the DAI field for the lowest CC-index CC with PDSCH transmission or with PDCCH/EPDCCH indicating DL SPS release within a subframe.
2.2
CC-domain DAI with Total DAI in particular DL assignments
In this section, we present the CC-domain DAI operation with Total DAI on particular DL assignments. As said, one of the main problems in the CC-domain Counter DAI, accumulating across scheduled CCs and subframes, is that UE cannot be sure that it has received the “last” DL assignment. One way to solve the problem is to introduce Total DAI signalling to DL, where Total DAI indicates the total number of scheduled CCs per subframe. One way to introduce Total DAI signalling is to use DL DAI on a DL assignment of a predetermined cell – e.g. DL DAI for the scheduled cell with the lowest index. In other words, DL DAI for the scheduled cell with the lowest index indicates the total number of CCs with PDSCH transmissions and with PDCCH/EPDCCH indicating DL SPS release in that subframe (in the case of TDD PUCCH cell, the total number of CCs with PDSCH transmissions and with PDCCH/EPDCCH indicating DL SPS release in that and previous subframes within TDD CC/subframe 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) Counter DAI incrementing in frequency-first-time second manner b) Counter DAI with Total DAI enhancement for improved reliability.
3
Conclusion 
In this contribution, we discuss the necessary mechanism for dynamic HARQ-ACK codebook determination. Based on the discussion, the following proposals and observation can be summarized: 
Proposal #1: Dynamic adaptation of HARQ-ACK codebook size is supported by enhanced DAI signalling:

- 2-bit joint CC/subframe DL DAI field is used

- DL DAI field indicates Counter DAI, except for particular DL assignments where DL DAI field indicates Total DAI
Proposal #2: In the case of UE reporting HARQ-ACK bits on TDD PUCCH cell, UE will report HARQ-ACK bit(s) at least for one CC on the last subframe of the CC/subframe bundling window, with the exception of PUCCH Format 1a/b fall back.
Proposal #3: Rel-8 TBCC and rate matching is used and 8-bit CRC is always included into the HARQ-ACK transmission on new PUCCH format, regardless of the number of bits.
Proposal #4: Counter DAI is incremented in frequency-first-time-second manner. 
Proposal #5: Total DAI indicates the total number of CCs with PDSCH transmissions and with PDCCH/EPDCCH indicating DL SPS release within that subframe, or in the case of TDD PUCCH cell, within that and previous subframes within the TDD CC/subframe bundling window. 
Proposal #6: Total DAI is indicated on the DAI field for the lowest CC-index CC with PDSCH transmission or with PDCCH/EPDCCH indicating DL SPS release within a subframe.

Observation #1: For handling of TM ambiguity for CCs for which UE missed DL assignment, we have slight preference for solution where eNB can configure either spatial bundling over all CCs or 2 HARQ-ACK bit reporting per CC regardless of TM (Opt. 1.2.5)  
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