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Introduction
During RAN1#81 [1] the problem of HARQ-ACK codebook determination for aggregation of up to 32 carriers was discussed. Several contributions proposed a solution in which the codebook size is adapted to the number of received downlink assignments determined from the DAI. Other contributions proposed that the codebook size is determined only from semi-static configuration. No consensus could be reached due to robustness or efficiency concerns associated to each solution. 
In this contribution we describe potential solutions for the determination of the HARQ-ACK codebook that addresses both the robustness and performance concerns. 
Requirements for the solution 
Efficiency considerations
As explained in [2], one possible solution is to define the HARQ A/N codebook based only on the semi-static configuration of the UE as in R12, which is referred to as “slow codebook adaptation” [3]. One drawback of this solution is that the overhead is not dynamically adaptable. In some scenarios (e.g. LAA) the network may need to configure a UE with multiple carriers, despite possibly being incapable of scheduling the UE on many of those carriers for possibly an extended period of time. In such scenarios, the overhead caused by setting a codebook to match the configured carriers can become unnecessarily prohibitive. This leads to an inefficiency in terms of PUCCH resource usage since the multiplexing capacity of PUCCH is expected to be lower when the number of HARQ A/N bits to be transmitted is higher.
The slow codebook adaptation approach relies on the knowledge by the decoder of “Nack” bits corresponding to non-scheduled carriers (i.e., “known Nacks”) to avoid the performance penalty of transmitting these bits from a power and interference perspective. However, when convolutional codes are used the “known” Nacks do not help for the decoding of bits beyond the constraint length of the code. Therefore, performance becomes sensitive to the encoding order of “known” Nacks, i.e. when there is a large number of consecutive “known” Nacks the performance penalty cannot be avoided.
Observation 1: Slow codebook adaptation with a large number of configured carriers may result in inefficient usage of resources.
Observation 2: Performance of slow codebook adaptation is sensitive to the encoding positions of Nacks corresponding to non-scheduled carriers.
Robustness considerations
To avoid the efficiency problems of the slow codebook adaptation approach, it has been proposed to determine the HARQ-ACK codebook based strictly on the scheduled downlink assignments. This main issue with type of solution is the sensitivity to missed downlink assignments. When one (or more) assignment is missed, the eNB may not be able to understand any of the HARQ A/N feedback, even for the detected assignments. To mitigate this problem it has been proposed [4] to include a DAI representing both time and carrier in both FDD and TDD downlink assignments. 
One drawback of a solution based on 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 Nacks.  There is also no protection against missing the final assignment.  It may be argued that the probability of missing 4 (for N=2) consecutive assignments is low, and therefore not a problem that requires attention.  However, the reality is that there may be some correlation between the performance 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.
To address the lack of robustness with the DAI solution, increasing the number od DAI bits may be considered. However, such a solution comes at a cost of increasing the downlink control overhead.
Observation 3: Codebook adpatation using DAI is not robust with a large number of configured carriers.
A better approach for providing dynamic information with complete robustness to missed assignments is to repeat the indication in all PDCCH/E-PDCCHs scheduling downlink assignments (except maybe in the Pcell). This approach has already been successfully utilized with the introduction of the “Ack/Nack resource indicator” (ARI) since R10 for the PUCCH resource. As the same ARI value is indicated in all assignments, the mechanism is robust to missed PDCCH/E-PDCCH detections unless all Scell assignments are lost. The same principle can also be applied to codebook determination to enable flexible adaptation of the codebook size, as described in the next section.
Observation 4: Robustness to missed assignments can be achieved if any field used in the determination of the codebook is repeated in each assignment.
Proposal 1: HARQ A/N codebook is determined by a Codebook Indicator field set to the same value in every PDCCH/E-PDCCH containing downlink assignments.
Codebook indicator
Different options can be envisioned for defining the Codebook Indicator field proposed in the previous section: 
Option 1: The Codebook Indicator indicates the order of HARQ A/N bits (e.g. the order of carriers).
This option allows the network to select between different possible codebooks, all of which consisting of the whole set of HARQ A/N bits based on configured carriers. However, the order of the HARQ A/N bits is different between the codebooks. The network can select and indicate the codebook for which the positions of the “known” Nacks due to unscheduled carriers would result in optimal performance. Therefore, it has the benefit of mitigating the performance issue of slow codebook adaptation from a power perspective without scheduling restriction. However, the issue of inefficient PUCCH resource usage remains since the number of HARQ A/N bits to encode is still based on the number of configured carriers.
Option 2: The 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.
This option allows the network to indicate which pre-configured group(s) of carriers contain at least one downlink assignment. Thus, the number of Nack bits corresponding to non-scheduled carriers (the “known” Nacks) can be reduced 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 Nacks from non-scheduled carriers. The reduction of the size of the codebook improves not only 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 bit 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. Another possibility is illustrated in Table 1 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 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. The two other codepoints (10) and (11) can indicate different groups of 16 carriers, or possibly groups where the order of carriers is modified as in Option 1. 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.


Table 1
	Codebook Indicator Value
	Set of Carriers for Which to Report HARQ A/N Feedback

	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}



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.

Our preference is to adopt Option 2 as a basis for a solution based on the introduction of a Codebook Indicator.
Proposal 2: The Codebook Indicator field indicates the group(s) of carriers for which a UE is expected to report HARQ A/N. 

Conclusion 
In this contribution we discuss the problem of HARQ A/N codebook determination and propose a solution that is robust to missed assignments and efficient from the perspective of power and PUCCH resource usge. The following observations and proposals are made:  
Observation 1: Slow codebook adaptation with a large number of configured carriers may result in inefficient usage of resources.
Observation 2: Performance of slow codebook adaptation is sensitive to the encoding positions of Nacks corresponding to non-scheduled carriers.
Observation 3: Codebook adpatation using DAI is not robust with a large number of configured carriers.
Observation 4: Robustness to missed assignments can be achieved if any field used in the determination of the codebook is repeated in each assignment.
Proposal 1: HARQ A/N codebook is determined by a Codebook Indicator field set to the same value in every PDCCH/E-PDCCH containing downlink assignments.
Proposal 2: The Codebook Indicator field indicates the group(s) of carriers for which a UE is expected to report HARQ A/N. 
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