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1 Introduction
Several contributions to RAN1#81 [e.g. 1-4] have identified the possibility of applying DAI in the cell domain in order to improve the robustness of HARQ ACK feedback for enhanced CA, in particular where adaptation of the payload is considered.  In this contribution this issue is analysed further and some potential solutions discussed.  
2 Discussion
When UEs are configured with up to 32 CCs, as noted in [1], but not all the CCs have DL assignments in a given subframe, it is desirable to be able to adapt the HARQ-ACK feedback in order to minimize the uplink overhead. 

In general the UE and eNB should have a common understanding on the PUCCH format being used, the number of HARQ-ACK bits in the payload and mapping each scheduled PDSCH to a corresponding HARQ-ACK bit (particularly for the case where the bit will be set to “ACK”). Unfortunately, in normal operation of LTE, DCI sent via PDCCH (and EPDCCH) has a significant probability of not being successfully received. The typical design assumption is a BLER of 0.01 for a dedicated DL assignment. This means that when CA is configured with a large number of active carriers, there is a significant chance that the UE would have a different understanding to eNB on the number of DL assignments received in a given subframe.  This could have effects such as the following:

· Selection of the wrong PUCCH format (e.g. based on the number of HARQ-ACK bits determined by the UE). This may lead to an unwanted collision with PUCCH from another UE, and the eNB may miss the PUCCH transmission completely.
· Incorrect mapping between a PDSCH indicated in a received DL assignment and a corresponding HARQ-ACK bit on PUCCH. This could result in re-transmissions of codewords which are not required, and failure to re-transmit codewords which are required by the UE.
Assuming that HARQ-ACK feedback is adapted in line with the number of received DL assignment per subframe, the scale of the problem is indicated by the results in Table 1, where “incorrect HARQ-ACK” means that the UE and eNB could have a different understanding of the format or contents of the feedback on PUCCH and “correct HARQ-ACK” means that there is no ambiguity. 

	
	Number of DL assignments per subframe

	
	4
	8
	16
	32

	Probability of sending incorrect HARQ-ACK
	0.0394
	0.0773
	0.149
	0.275

	Probability of sending correct HARQ-ACK
	0.961
	0.923
	0.851
	0.725

	Probability of sending no HARQ-ACK
	1E-08
	1E-16
	1E-32
	1E-64


Table 1: Impact of missed DL assignments (no mitigation measures, PDCCH BLER = 0.01)
Table 1 shows that, particularly for a large number of CCs, there is a significant probability that the eNB would not be able to interpret the PUCCH feedback from the UE correctly.

In the next section possible methods for mitigating this problem are discussed, with a focus on FDD. 
3 Possible solutions
Some possible solutions for mitigating the effect of missed DL assignments are:-
· Improving the reliability of DCI reception. 
· This could be achieved using higher aggregation levels on PDCCH in order to reduce the BLER. However this would significantly increase the control channel overhead.
· Using a single DCI message to schedule multiple CCs (i.e. “joint DCI”) would also help. However this concept did not have universal support in RAN1#81. 
· Enabling the UE to detect when DL assignments are missed

· A downlink assignment indicator (DAI), or similar information could be added to each DL assignment in a given subframe, as proposed in [2, 3]. The problem of detecting when the last assignment is missing was noted in [1, 4] and an additional indication could be provided to enable the UE to detect this occurrence.   
· Making the selection of PUCCH transmission format more robust to missed DL assignments 

· The PUCCH format could be selected based on the number of activated carriers, rather than the number of assignments. This would limit the saving in HARQ-ACK overhead when not all activated carriers are scheduled. 
Note that for the above approaches there are two main aspects of interest. One is facilitating the detection by the UE of the occurrence of missed assignments. The other is allowing the UE to identify which assignments have been missed (at least so that sending a corresponding NACK would be correctly interpreted by the eNB). 
3.1 Analysis of DAI schemes
In general we assume that DAI for CA is applied as one or two extra bits in the relevant DCI format(s). We also assume a control channel BLER of 0.01, uncorrelated between DL assignments.  
We note from Table 1 above that the probability of a missed assignment in one subframe is sufficiently high that the UE behaviour on detecting a missed assignment using DAI as currently defined in TDD (i.e. sending DTX) is unlikely to be acceptable. Therefore, we assume that for DAI applied to CA, the UE would only send DTX when it cannot reliably deduce the number of missed assignments. This possibility is included within “sending incorrect HARQ-ACK”.  
3.1.1 DAI with 1 bit

In contrast to TDD, we first examine the performance of DAI with 1bit. Assuming the UE chooses the most likely pattern of transmitted assignments that corresponds to the assignments it receive, this will allow the UE to detect and correctly identify (at least) any pattern of one or two missed assignments (except for two successive missed assignments, and any cases where the last assignment is missed). On the other hand the UE can always succeed in correct identification. As an example, the case of three successive missed assignments can be detected, but the UE would incorrectly conclude that only one assignment had been missed.  
The performance of this scheme is shown in Table 2.   

	
	Number of DL assignments

	
	4
	8
	16
	32

	Probability of sending incorrect HARQ-ACK
	0.0103
	0.0107
	0.0113
	0.0126

	Probability of sending correct HARQ-ACK
	0.990
	0.989
	0.989
	0.987


Table 2: Impact of missed DL assignments with 1 bit DAI
3.1.2 DAI with 2 bits
Adding a further DAI bit improves the performance a little, as shown in table 2, since the UE can now correctly detect patterns with up to three successive missing assignments. However, the limiting factor here is that the UE cannot identify the case where the “last” assignment is missing. Note that if the PDCCH BLER would, perhaps temporarily, become higher than 0.01, this limitation would be even more significant. 
	
	Number of DL assignments

	
	4
	8
	16
	32

	Probability of sending incorrect HARQ-ACK
	0.01
	0.0100
	0.0100
	0.0103

	Probability of sending correct HARQ-ACK
	0.99
	0.990
	0.990
	0.990


Table 3: Impact of missed DL assignments with 2 bit DAI
3.1.3 DAI with 2 bits and “last” assignment bit
As proposed in [4] we can add a further bit to indicate the last assignment in the sequence. This allows the loss of the last assignment to be detected. The resulting performance is shown in Table 4, but this scheme now requires a total of 3 bits per DCI.  
	
	Number of DL assignments

	
	4
	8
	16
	32

	Probability of sending incorrect HARQ-ACK
	0.00
	6.78E-07
	1.65E-05
	0.000288

	Probability of sending correct HARQ-ACK
	1.00
	1.00
	1.00
	1.00


Table 4: Impact of missed DL assignments with 2 bit DAI and 1 bit indicating “last” assignment

3.1.4 DAI with 1 bit and “last” assignment bit
We can also consider reducing the overhead of the previous scheme, by using only 1 DAI bit. The resulting performance is shown in Table 5. 
	
	Number of DL assignments

	
	4
	8
	16
	32

	Probability of sending incorrect HARQ-ACK
	0.000298
	0.000665
	0.00133
	0.00260

	Probability of sending correct HARQ-ACK
	1.00
	0.999
	0.999
	0.997


Table 5: Impact of missed DL assignments with 1 bit DAI and 1 bit indicating “last” assignment
One point to note here is that the second bit is only used in the DCI carrying the last assignment in the sequence. Investigation should be carried out of schemes making more use of this bit to further improve performance.   

3.2 Other issues

3.2.1 Number of codewords per assignment

In the above discussion it is assumed that DAI counts the number of DL assignments (not the number of PDSCHs). This would mean that if the UE is expected to deduce the number of missed assignments, it should also make some assumption about the number of codewords per missed assignment. In some cases this would always be clear from configured transmission mode (i.e. if only one codeword is poosible). In other there could be either one or two codewords, in which case, in order to avoid ambiguity, it would always be necessary to reserve two HARQ-ACK bits per CC on PUCCH.   

Another possibility would be to make DAI count codewords instead of DL assignments, but this could double the number of DAI bits required.

3.2.2 Extension of DAI to CA with TDD

If ACK/NACK bundling is applied (e.g. with TDD), then the DAI value for the first CC scheduled in each subframe could be incremented according to the number of previous subframes in the bundling window containing any DL assignments. The detecting and correcting of missed assignments could be carried out first in the frequency domain and then in the time domain. There could be some potential ambiguities:-

· The UE could not detect the loss of all assignments in the “last” subframe. However in the case of multiple assignments this would be an unlikely occurrence.

· The UE could not distinguish between missing assignments on the first n CCs in the current subframe and missing all m assignments in the previous subframe. This may not be a major problem, since the most likely occurrence is n = 1 or m =1, and with typical configurations the number of corresponding HARQ-ACK bits might safely be assumed by the UE to be the same for both cases. 

3.2.3 False alarms

If a UE falsely detected a DL assignment among a set of correctly transmitted DL assignments, or in isolation, then it is most likely that the UE would be able to identify this situation and either ignore the false assignment, or send DTX on PUCCH. But if not, such an event would cause errors in the transmitted HARQ-ACKs. 
However the probability of a false detection in a given subframe for any one UE is quite low, so such cases may not need much treatment in specification (if any).
4 Conclusions

Various schemes have been considered for mitigating the effect of missed DL assignments on the HAR-ACK feedback for CA a large number of carriers configured. Some version of DAI seems to be promising. However we make the following observations:

· Observation 1: Sending DTX when any DL assignment is missed would lead to significant performance loss
· Observation 2: Failure to detect the loss of the “last” assignment would lead to significant performance limitation 
· Observation 3: DAI can be applied in both frequency domain and time domain (for TDD)  
· Observation 4: Impact of false detection of DL assignments may need quantifying

If a DAI-based solution is adopted for CA we propose the following:
· Proposal 1: In order to avoid significant performance loss, the UE should be able to report HARQ-ACK when DL assignments are missed, provided any missed assignments can be sufficiently well identified.

· Proposal 2: DAI is applied by adding no more than two bits per DL assignment

· Proposal 3: The adopted scheme should allow the UE to detect when the “last DL” assignment in a sequence is missed
· Proposal 4: It should be investigated whether better use could be made of a DCI bit that only indicates the “last” assignment in a sequence.
· Proposal 5: For CCs where one or two codewords may be transmitted, two bits should be reserved on PUCCH when a missed DL assignment is detected by the UE
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