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Introduction
During RAN1#82 [1] an agreement was reached to dynamically determine the HARQ-ACK codebook:
Agreement
· 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

At RAN1 #82 several contributions [3-11] discussed methods to achieve dynamic HARQ-ACK codebook determination.  The views of different companies were further elucidated in an e-mail discussion [2], though no consensus was reached.  
In this contribution we discuss the different solutions in terms of robustness and performance. We propose to support dynamic codebook determination using an HARQ-ACK codebook indicator field that indicates groups of carriers where PDSCH may be scheduled. We propose to select between two options: (1) including the indication in every DCI containing a downlink assignment; or (2) including the indication in a new DCI decoded separately. As explained in a companion contribution [12], the latter option has the additional benefit of solving the DCI false detection problem.
Analysis of the proposed solutions
Extending use of DAI to multiple carriers
Extending the TDD DAI based approach on the carrier dimension has been proposed. One drawback of a solution based on the DAI is that for an indication of size N bits, if a UE misses 2N consecutive assignments, the UE will not know that it has missed any assignment and will construct the feedback without adding the appropriate known Nacks. There is also no protection against missing one or more final assignment. It has been argued that the probability of missing 4 (for N=2) consecutive assignments is low, and therefore not a problem that requires further attention. However, the reality is that there may be some correlation between the performances of adjacent carriers (for example, switching from LOS to NLOS). Furthermore, even for non-correlated channels, an increase in the total number of carriers increases the probability of missing four consecutive assignments. For example, if a UE is configured with 6 carriers, there are only three ways of missing four consecutive carriers: missing the first four carriers, or missing the 2nd to 5th carriers, or missing assignments in the last 4 carriers. On the other hand, with 32 carriers, there are 29 ways to miss 4 consecutive assignments.  Therefore, the number of required retransmissions due to missed detections increases as the number of configured carriers increases. Furthermore, if some of the carriers are operating in the unlicensed band, the probability of missing an assignment may no longer depend solely on the received SINR, but may also be compounded by the probability of the LAA Scell acquiring the channel.

To address the lack of robustness with the DAI-based solution, several modifications have been proposed.
1) Adding a last downlink assignment indicator [3-5]
In such solutions, 1 or 2 bits are added to the DAI to indicate the last assignment or last 2N assignments.  These proposed solutions do not address the case of missing 2N consecutive assignment in the middle of the over-all set of assignments. Furthermore, the added overhead is wasted for any downlink assignment that is not the last assignment or last group of assignments.

2) Indicating the total DAI [6-9]
Such solutions can indicate the total number of assignments in a subframe or a set of subframes. The solution can enable a UE to determine whether it missed a set of 2N assignments or a final assignment in a subframe.  However, the total assignment indicator may be N bits, similar to the number of DAI bits. Therefore, the UE might still not be able to detect consecutive 2N missed assignments. For example, a UE might be indicated ‘11’ for total assignments. This may be interpreted by the UE as meaning either 4, 8, 12…  If the UE detects 4 assignments, it may think it detected all the assignments, when in reality it may have missed 4 consecutive assignments.

In [8] the total DAI indication is provided in a single DL assignment. A UE may miss the one assignment where the total number of assignments is indicated, and may misinterpret another DAI as the total DAI indication.

3) The DAI counting rule informs a UE of a set of possible HARQ-ACK codebook sizes [10]
Such a solution enables the UE to determine a possible codebook size based on the ordering of the DAI (ascending or descending order implicitly indicates different sets). Some flexibility is lost given that a fixed set of possible codebook sizes is used. A UE should always use a codebook that is bigger than its needs determined by the number of DL assignments. Padded known Nacks can be appended at the end.

An error event may occur if the UE is incapable of determining the order of the DAI due to missed detection.  For example, a UE may detect 3 DAIs 00, 11, 01.  It may have to determine if the order is ascending and the assignments were really 00, 01, 10, 11, 00, 01 (where underline indicates detected assignments); or if the order was descending and the assignments were really 00, 11, 10, 01, 00, 11, 10.

Even if the order is determined, there are cases where a UE misses assignments and it selects the wrong codebook size from the list of codebook sizes tied to the order. For example, we assume the codebooks in one direction are separated by X (for example if codebooks tied to ascending order are 24, 40, 56, then X=16).  In such a case if a UE misses  sets of 2N consecutive assignments, it will select the wrong codebook size. As a numerical example, we ssume a system with the codebook sizes stated above and N=2. Now assume a UE detects 23 assignments (or more generally, resolves that there were 23 assignments transmitted based on the received values of DAI), it will then use a codebook size of 24.  However, the UE might not realize that it missed at least 3 sets of 4 consecutive DL assignments, and should have used codebook size 40 (for the 39 assignments). This leads to a disconnect in the meaning of the feedback between the UE and eNB.

Most DAI-based solutions discussed above help deal with the case of a missing last assignment; however, they do not deal well with missing 2N consecutive assignments. However, indicating a codebook size and possibly using padding can be more robust.
Flexible DAI/codebook size indication
In case RAN1 decides to opt for a solution based on DAI, we think that it would be necessary for robustness that one of M codebook sizes (M>2) can be explicitly signalled. One possibility to achieve this would be to enable the network to replace the DAI field with a codebook size field in certain assignments selected by the network. This solution would require the addition of one bit field to the DCI to indicate whether subsequent bits represent a DAI or a codebook size. An example is shown in Table 1 below.


	Flag/Value
	Interpretation

	0/00
	DAI with value 00

	0/01
	DAI with value 01

	0/10
	DAI with value 10

	0/11
	DAI with value 11

	1/00
	Codebook size #1

	1/01
	Codebook size #2

	1/10
	Codebook size #3

	1/11
	Codebook size #4


[bookmark: _Ref430952581]Table 1. Flexible DAI/Codebook size indication
This solution would increase the number of codebook sizes that can be signalled and reduce the probability that the codebook size be misinterpreted. In case the UE would miss all DCI’s containing a codebook size, the UE can report Nack for all bits of a default codebook or not report any HARQ-ACK feedback. This ensures that no Nack-to-Ack misinterpretation takes place. It would also be possible to combine the use of this field with the DAI counting rule to increase the granularity of the indicator.
Using a similar example as in (3) above: we assume a UE knows it has 23 assignments to feedback for (either because it detected the assignment or was able to resolve a missing DAI). Assume the codebook indicator is 2 bits and maps to codebook sizes (16, 32, 48 and 64). If the UE is indicated to use a codebook size of 48, the UE knows it missed several blocks of 4 consecutive assignments.
Proposal 1: If a DAI-based solution is introduced:
· Replacement of DAI with an explicit indication of codebook size in DCI’s selected by network should be supported.
· The UE is required to decode at least one DCI containing a codebook size indication, otherwise no HARQ-ACK feedback is reported.
HARQ-ACK codebook indicator
A HARQ-ACK codebook indicator [11][13] has been proposed to dynamically indicate a HARQ-ACK codebook with no risk for misalignment between the UE and network. The proposed codebook indicator indicates a group of carriers for which a UE should report HARQ A/N, among a pre-configured set of groups of carriers.
Proposal 2: If a HARQ-ACK Codebook Indicator is introduced:
· The Codebook Indicator indicates the group(s) of carriers for which a UE is expected to report HARQ A/N. 

Options for provision of codebook indicator
Two options can be envisioned for the provision of the codebook indicator to the UE. In the first option the codebook indicator is repeated in every DCI containing a downlink assignment in a subframe, thus achieving complete robustness. The benefit of this option is that it does not require the definition of a new DCI format.
The second option is to include the indicator in a new DCI transmitted separately, as described in ([2], solution 3) and a companion contribution [12]. This option has the benefits that (1) higher granularity for the carriers is possible due to the larger available payload; and (2) it solves the issue of DCI false detection as described in [12].
Proposal 3: If a HARQ-ACK codebook indicator is introduced, select between the following options:
· Include HARQ-ACK codebook indicator in every DCI containing a downlink assignment; or
· Include HARQ-ACK codebook indicator in a new DCI transmitted separately.

The codebook indicator allows reducing the transmission of Nack bits corresponding to non-scheduled carriers (known Nacks) when there is no downlink assignment scheduled in certain groups of carriers. The size of the codebook can therefore be dramatically reduced, although it may still contain a (smaller) number of known Nacks. The reduction of the size of the codebook improves not only the performance from a power perspective, but also PUCCH resource usage.
The exact mapping between Codebook Indicator and corresponding groups of carriers can be realized in a number of ways. One possibility would be to associate each but of the field to a specific group of carriers and to use each bit to indicate whether the corresponding group of carriers is included in the codebook or not. This possibility is attractive if the indicator is provisioned in a DCI transmitted separately, since small groups of carriers (even a single carrier per group) can be defined.
Another possibility is illustrated in Table 2 for a UE configured with 32 carriers. In this example, one of the codepoints of the indicator (00) indicates “all carriers” to allow the UE to be scheduled on all carriers. Another codepoint (01) can indicate 4 disjoint groups of 8 carriers. The specific group to select can be determined based on which carriers the assignments are received for, if the indicator is provisioned in every DCI. The two other codepoints (10) and (11) can indicate different groups of 16 carriers, or possibly groups where the order of carriers is modified. The exact mapping can be configured by higher layers to maximize scheduling flexibility and performance. Additional flexibility could also be obtained using a field with more than 2 bits. One possibility to minimize additional overhead would be to use a single field for ARI and Codebook Indicator.
	Codebook Indicator Value
	Set of Carriers for Which to Report HARQ A/N Feedback
(for Codebook Indicator included in every DL assignment)

	00
	All carriers

	01
	{1,2,3,4,5,6,7,8} or
{9,10,11,12,13,14,15,16} or
{17,18,19,20,21,22,23,24} or
{25,26,27,28,29,30,31,32}

	10
	{1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16} or
{17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32}

	11
	{1,2,3,4,5,6,7,8,25,26,27,28,29,30,31,32} or
{9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24}


[bookmark: _Ref430960145]Table 2. Example of mapping between codebook indicator and sets of carriers.
It should be stressed that not all carriers of an indicated group need to be scheduled. The UE indicates “Nack” when no DL assignment is detected for a carrier included in the indicated group. This is illustrated in the Figure below. In this example, the UE receives downlink assignments for carriers 9, 10, 13, 14, 15 and 16 with codebook indicator “01” in every DL assignment. The UE misses DL assignment for carrier 12. The UE uses the codebook carrying HARQ A/N for carriers {9, 10, 11, 12, 13, 14, 15, 16} and includes Nack for carriers 11 and 12.


Figure 1. Example of HARQ A/N codebook determination.


Options for TDD case
For TDD, a UE may need to report HARQ-ACK for different sets of carriers per DL subframe in a bundling window.  The indicated HARQ-ACK codebook can cover possible subframe and carrier combinations. The following options can be considered:
Option 1:
The HARQ-ACK codebook indicator is the same in all carriers and subframes. The UE reports a HARQ-ACK codebook based on the same set of carriers for all subframes in a bundling window. This solution requires the scheduler to determine all carriers where DL transmission may occur for all subframes of a bundling window at the beginning of the bundling window.
Option 2:
The HARQ-ACK codebook indicator is the same for all assignments of a subframe, but can change on a subframe basis.  The UE reports a HARQ-ACK codebook based on the sets of carriers indicated for each respective subframe.
Option 3:
The HARQ-ACK codebook indicator is the same in all assignments of a subframe, but can change on a subframe basis.  The UE reports a HARQ-ACK codebook based on the same set of carriers for all subframes. The set of carriers is the one indicated in the assignment(s) of the last subframe.
Option 4:
Similar to Option 3, but where the set of carriers for which a UE reports a HARQ-ACK codebook is the largest one indicated in the assignment(s) across subframes in a same bundling window.
The benefit of Option 2, 3 and 4 is that it is not necessary for the network to know in advance the set of carriers that may be scheduled in the last subframe of the window. Option 2 allows for a finer granularity of the codebook, while Options 3 and 4 offer robustness to the case where all downlink assignments in a subframe would be missed.
Proposal 4: If a HARQ-ACK codebook indicator is introduced, for the TDD case:
· The codebook indicator can change on a subframe basis in a bundling window.

Discussion
When comparing the merits of the main alternatives (DAI or Codebook indicator), we think a typical target scenario of carrier aggregation up to 32 carriers should be taken into consideration. 
A DAI-based solution might be beneficial in situations where downlink assignments are very sparsely scheduled among carriers because the resulting codebook can be made very small. For example, if the UE would be scheduled only in carriers 1 and 32, the DAI-based solution might achieve a smaller codebook size than a codebook indicator included in every DCI.
On the other hand, a HARQ-ACK codebook indicator is advantageous in situations where downlink assignments are scheduled in a large number of carriers for a UE. The reason is that in this scenario the codebook indicator guarantees complete robustness even though the probability of missing a large number of consecutive downlink assignments is higher. In addition, the HARQ-ACK codebook indicator still offer excellent efficiency even if a few downlink assignments are not transmitted in the indicated codebook, thanks to smart decoding at the network side. The fine granularity of the codebook offered by a DAI-based solution is not as beneficial in this situation.
Observation:
In a typical scheduling situation where downlink assignments are scheduled in a large number of carriers:
· The robustness benefit of the HARQ-ACK codebook indicator solution is more significant
· The codebook size granularity benefit of the DAI-based solution is less significant

Considering the above, our recommendation is to adopt a solution based on introduction of HARQ-ACK codebook indicator for dynamic codebook adaptation in R13.
Proposal 5: For dynamic determination of HARQ-ACK codebook size, introduce a HARQ-ACK codebook indicator indicating the group(s) of carriers for which a UE is expected to report HARQ A/N.

Conclusion
In this contribution, we discussed solutions to dynamically determine the appropriate HARQ-ACK codebook. We analyzed both solutions based on use of DAI and solutions based on a HARQ-ACK codebook indicator, and made several proposals conditional to the introduction of one of these solutions in the standard:
Proposal 1: If a DAI-based solution is introduced:
· Replacement of DAI with an explicit indication of codebook size in DCI’s selected by network should be supported.
· The UE is required to decode at least one DCI containing a codebook size indication, otherwise no HARQ-ACK feedback is reported.

Proposal 2: If a HARQ-ACK Codebook Indicator is introduced:
· The Codebook Indicator indicates the group(s) of carriers for which a UE is expected to report HARQ A/N. 

Proposal 3: If a HARQ-ACK codebook indicator is introduced, select between the following options:
· Include HARQ-ACK codebook indicator in every DCI containing a downlink assignment; or
· Include HARQ-ACK codebook indicator in a new DCI transmitted separately.

Proposal 4: If a HARQ-ACK codebook indicator is introduced, for the TDD case:
· The codebook indicator can change on a subframe basis in a bundling window.

[bookmark: _GoBack]Based on considerations on the most typical scenario that we believe should be targeted for the design of the feature, we then make the following observation and proposal on the solution that should be adopted:
Observation:
In a typical scheduling situation where downlink assignments are scheduled in a large number of carriers:
· The robustness benefit of the HARQ-ACK codebook indicator solution is more significant
· The codebook size granularity benefit of the DAI-based solution is less significant

Proposal 5: For dynamic determination of HARQ-ACK codebook size, introduce a HARQ-ACK codebook indicator indicating the group(s) of carriers for which a UE is expected to report HARQ A/N.
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