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1 Introduction

The fundamental conditions for proper HARQ-ACK multiplexing in the PUSCH are for the UE and the eNodeB to have the same understanding of whether HARQ-ACK information is included in the PUSCH, of the HARQ-ACK payload, and of the mapping of HARQ-ACK bits to the respective PDSCH transmissions.
In Rel-8 FDD, no specific measures are necessary to ensure the above common understanding, primarily because the communication is over a single cell. In Rel-8 TDD, due to the additional time dimension, a DAI IE, 
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, is included in the UL Scheduling Grants (UL SGs) to inform the UE of the HARQ-ACK payload, if any, it should convey in the PUSCH (UL DAI). A DAI IE is also included in the DL Scheduling Assignments (DL SAs), 
[image: image2.wmf]DL

DAI

V

, to inform the UE of the HARQ-ACK payload, if any, it should convey in the PUCCH (DL DAI) [1]. 

This contribution focuses primarily on the requirements and design for the DL DAI and UL DAI to support HARQ-ACK transmission in the PUSCH in conjunction with DL CA. All following discussion concerns cell-domain DAI and PDSCH scheduled by DL SA. If SPS PDSCH exists, the HARQ-ACK feedback is placed in the beginning of the HARQ-ACK payload as in Rel-8 TDD. With respect to Rel-8 TDD, there are two main differences with DL CA:

a) The eNodeB knows the total number of cells with PDSCH transmission to a UE in a sub-frame (in TDD, the eNodeB is not assumed to know in advance the total number of sub-frames with PDSCH transmission to a UE).   
b) The configured DL Transmission Mode (TM) to a UE can vary among configured cells and spatial bundling is not enforced (in Rel-8 TDD, spatial bundling is enforced).
2 DL DAI and UL DAI with CA  
In Rel-8 FDD, as a DL SA and an UL SG to a UE are transmitted in the same cell during the same sub-frame, it was not deemed necessary to have an UL DAI to indicate whether the UE should include HARQ-ACK information in the PUSCH because when a UE misses the DL SA it is also highly likely (in practice) to miss the UL SG in the same sub-frame (hence, DTX is conditioned on the DL SA miss and the UL SG reception which has a low combined probability). 

The above operational condition is not applicable with CA as an UL SG may be transmitted in a cell without DL SA (hence, the correlation between a DL SA miss and an UL SG miss can be potentially very low). This is analogous to Rel-8 TDD where a DAI is included in UL SGs to account for the event that the UL SG is received while DL SAs are received in some sub-frames but missed in other sub-frames. Therefore, with CA, at least a 1-bit UL DAI (cell-domain) is needed to indicate whether the UE should include HARQ-ACK information in its PUSCH transmission. Whether the UL DAI should have more than 1 bit will depend on the DL DAI design and on other HARQ-ACK transmission aspects. 
Possible alternatives for the DL cell-domain DAI design are outlined below and are subsequently discussed in detail. 
a) Absolute Counter DL DAI 

b) Forward Relative Counter DL DAI
c) Bit-Map DL DAI

d) No DL DAI

It is assumed that the UE is configured 
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 cells, a DL TM requiring 2-bit HARQ-ACK feedback is configured in 
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 cells, 
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 PDSCH are transmitted to the UE (with 
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 PDSCH requiring 2-bits HARQ-ACK feedback) and 
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 PDSCH are received by the UE (with 
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 PDSCH requiring 2-bit HARQ-ACK feedback).
Alternative 1: Absolute Counter DL DAI

For a maximum of 
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, a 3-bit absolute counter DL DAI is theoretically needed. However, a 2-bit absolute counter DL DAI is sufficient and the interpretation for the number of DL SAs can be mod4 as 2 error cases (4/5 DL SAs interpreted as 0/1 DL SAs) exist only if the UE misses 4 DL SAs and therefore the respective probability is negligible. 
The absolute counter DL DAI informs a UE only the total number 
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 of DL SAs and does not inform the UE which cells transmitted DL SAs. As a result, the UE cannot know which PDSCH it missed and it cannot properly feedback the HARQ-ACK information. For example, consider that a UE has 
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 with the same DL TM (for simplicity) each requiring feedback of 1 HARQ-ACK bit. If in a given sub-frame DL SAs are transmitted in the first and second cells (
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) and the UE only receives the DL SA in the second cell, the UE cannot know if the HARQ-ACK feedback should be {NACK/DTX, ACK/NACK} or {ACK/NACK, NACK/DTX} as it doesn’t know whether it missed the PDSCH in the first or third cell. Therefore, the UE and the eNodeB cannot be ensured to have the same understanding about the HARQ-ACK feedback.

This issue can be resolved by the UE also providing DTX feedback for each configured cell. As each cell needs to be identified, the DTX payload is 
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 bits. In case of 
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, it may be assumed that the DL quality for the UE is good and the event that the UE misses multiple PDCCH does not have a meaningful impact on the system operation. In the following, the DTX payload is assumed to be 
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 bits (e.g. 
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). 
If the DTX payload is jointly coded with the HARQ-ACK payload, the HARQ-ACK payload needs to be fixed to 
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 bits, if 
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 (assuming no spatial bundling). Then, adding the DTX payload, the total payload is 
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If the DTX payload is separately coded (the same coding scheme as for 
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 HARQ-ACK bits can be used) from the HARQ-ACK payload, the minimum HARQ-ACK payload of 
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 bits is achieved. Moreover, there is no possibility for ambiguity if no DL SA was received (1-bit UL DAI always suffices in case of multiple DL SAs). The eNodeB first decodes the DTX codeword and it can then determine the size and decode the HARQ-ACK codeword.  

Alternative 2: Forward Relative Counter DL DAI
The forward relative counter (FRC) DL DAI exploits the fact that the eNodeB knows the total number of DL SAs in a given sub-frame. Then, for a maximum of 
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, a 3-bit FRC DAI can serve both as a relative counter and to indicate if there is an additional DL SA. The first 2 bits indicate the DL SA number (relative counter) and the last bit indicates whether there is another DL SA (forward indication). This avoids the error case of the relative counter DAI in Rel-8 TDD when the last DL SA is missed. Error cases when consecutive DL SAs, including the last one, are missed still exist but each respective probability is at least an order of magnitude smaller than the one of missing only the last DL SA. 
Table 1 indicates the FRC values as a function of the number of DL SAs. In case of 5 DL SAs, the common “111” entry in the 4th and 5th DL SA does not lead to a confusion in the 5th DL SA as the maximum value is 
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 (any other value, for example “000”, may also be selected).

Table 1: Forward Relative Counter DL DAI Values as a Function of Number of DL SAs. 
	Number of PDSCH
	DAI in 1st DL SA
	DAI in 2nd DL SA
	DAI in 3rd DL SA
	DAI in 4th DL SA
	DAI in 5th DL SA

	1
	000
	N/A
	N/A
	N/A
	N/A

	2
	001
	010
	N/A
	N/A
	N/A

	3
	001
	011
	100
	N/A
	N/A

	4
	001
	011
	101
	110
	N/A

	5
	001
	011
	101
	111
	111


With the relative counter part of the FRC DL DAI, the UE can know the relative order of the DL SAs and it can therefore properly perform the HARQ-ACK feedback without DTX feedback under the following restrictions:

a) DTX is mapped to NACK. 
b) Either spatial bundling or the same TM (for HARQ-ACK feedback purposes only) is enforced across all cells (both are against current agreements). 
Without the second condition, if a DL SA requiring either 1-bit or 2-bit HARQ-ACK feedback is missed, the UE and the eNodeB cannot always be ensured the same understanding for the HARQ-ACK feedback. If spatial bundling is enforced (when applicable), the HARQ-ACK payload is 
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. If spatial bundling is not enforced, the HARQ-ACK payload is 
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The previous restrictions can be avoided if the UE also feedbacks DTX (
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 bits). Then, with joint coding of the DTX payload and the HARQ-ACK payload, the total payload is 
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. If DTX is supported through separate coding, the minimum HARQ-ACK payload of 
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 bits is achieved and there is the additional DTX payload of  
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 bits for a total payload of 
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 bits.
Alternative 3: Bit-Map DL DAI
For a maximum of 
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, a 5-bit bit-map DL DAI is needed and the UE can perfectly dimension the HARQ-ACK feedback. The HARQ-ACK payload is 
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 bits. If DTX is supported through joint coding, the total payload is 
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 bits. If DTX is supported through separate coding, the minimum HARQ-ACK payload of 
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 bits is achieved and there is the additional DTX payload of  
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 bits. For joint HARQ-ACK and DTX coding, DTX may be combined with HARQ-ACK in a 3-state or 5-state information for a total payload of 
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 bits. However, this requires that both the UE and the eNodeB implement Tables mapping a series of ACK, NACK, and DTX states to a CW of 
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 bits for savings of 1-2 bits. 
Alternative 4: No DL DAI
DL DAI is avoided at the cost of always having to transmit the maximum possible HARQ-ACK payload of 
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 bits. If DTX is supported through joint coding, the total payload becomes 
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. If DTX is supported through separate coding, the minimum HARQ-ACK payload of 
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 bits is achieved and there is the additional DTX payload of  
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 bits. As for the bit-map DAI, for joint HARQ-ACK and DTX coding, DTX may be combined with HARQ-ACK in a 3-state or 5-state information for a total payload of 
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 bits. The tradeoff is the required implementation of Tables, at both the UE and the eNodeB, mapping ACK, NACK, and DTX states to a CW of 
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 bits versus the savings of 1-2 bits in the total payload. 
eNodeB-Based DTX Determination
To avoid signaling overhead of explicit DTX, eNodeB-based DTX determination may be considered and then the total HARQ-ACK payload becomes the absolute minimum of 
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. For example, the UE may separately feedback the HARQ-ACK for each PDSCH reception. The eNodeB may possibly determine whether HARQ-ACK was transmitted by checking the pattern of the received values at REs expected to carry HARQ-ACK. However, in general, this is unlikely to offer the required reliability if the number of REs for an individual HARQ-ACK transmission is small because data may also result to the same pattern of values with unacceptably high probability (e.g. above 1e-2). Additionally, this approach is not possible if the (32, O) RM code is used as for a TDD system. Moreover, by separately coding the HARQ-ACK feedback for each PDSCH, the gains from joint coding are not realized and the HARQ-ACK overhead in the PUSCH is increased. Therefore, eNodeB-based DTX determination does not seem feasible.
Summary

The attributes of the DL DAI alternatives are summarized in Table 2. Again, it is assumed that the UE is configured 
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 cells with PDSCH transmission in 
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 DL SAs were transmitted to the UE (with 
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 requiring 2-bits HARQ-ACK feedback) and 
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 DL SAs were received by the UE (with 
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 requiring 2-bit HARQ-ACK feedback). The DAI payloads is 
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Table 2: Comparing Attributes of 4 Alternatives for DL DAI and HARQ-ACK Transmission in PUSCH

	
	Absolute Counter DAI
	FRC DAI
	Bit-Map DAI
	No DAI

	DL DAI
	2 Bits
	3 Bits
	5 Bits
	None

	Payload - No DTX
	N/A
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	Payload - Separate DTX
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No DTX Feedback
As DTX feedback is needed for “Absolute Counter DAI”, this alternative is not applicable in this case. If spatial bundling is used (when applicable), “FRC DAI” offers the lowest HARQ-ACK payload. If spatial bundling does not apply (implying there are cells with configured DL TM requiring HARQ-ACK feedback of 2 bits), “FRC DAI” is still preferable over “Bit-Map DAI” as the HARQ-ACK payload difference is small while “FRC DAI” requires 2 bits less DL SA overhead than “Bit-Map DAI”. Therefore, “FRC DAI” is preferred over “Bit-Map DAI”. 

Comparing “FRC DAI” to “No DAI”, the following apply:

a) “No DAI” is advantageous in terms of DL SA overhead (3 bits less overhead).

b) “FRC DAI” is advantageous in terms of PUSCH overhead (various numbers of bits less overhead). This overhead reduction is even more important considering that all HARQ-ACK is transmitted in the same PUSCH.
c) “FRC DAI” allows for efficient support of small HARQ-ACK payloads as repetition coding (for 1 bit) or simplex coding (for 2 bits) can be used. With “No DAI”, in order to avoid error cases where only 1 DL SA or 2 DL SAs (1 bit feedback) are received, the (32, O) RM code needs to always be used. 
d) “FRC DAI” allows for proper HARQ-ACK transmission in the PUCCH as the proper transmission power can apply when DL SAs are missed, the need for enhanced detection method is avoided, and the choice of channel selection or DFT-S-OFDM, depending on the actual HARQ-ACK payload, can be supported without errors. 

Without DTX feedback, “FRC DAI” is preferred.
Jointly Coded DTX Feedback

The same arguments apply as in the case of no DTX feedback among “FRC DAI”, “Bit-Map DAI” and “No DAI”. Therefore, “FRC DAI” remains preferable. However, “Absolute Counter DAI” is also applicable in this case, it requires 1 less bit DL SA overhead than “FRC DAI”, and the remaining attributes are the same. 
With jointly coded DTX feedback, “Absolute Counter DAI” is preferred.
Separately Coded DTX Feedback

Separately coded DTX minimizes the HARQ-ACK payload in the PUSCH but both the DTX CW and HARQ-ACK CW need to be correctly decoded. Separately coded DTX is difficult to support in the PUCCH (except for 2-bit DTX where a structure based on PUCCH format 2b can be used for the DFT-S-OFDM format). Nevertheless, if separately coded DTX is supported, “No DAI” is preferable as it does not require DL SA overhead. 
With separately coded DTX feedback, “No DAI” is preferred.
DTX feedback is beneficial for numerous reasons (e.g. [2]). Moreover, as very low DL SINRs are not typically expected for UEs with DL CA, a 2-bit or 3-bit cell-domain DAI in DL SAs will have a trivial impact on the total PDCCH overhead. The existence of a DL DAI is also useful for choosing between channel selection and DFT-S-OFDM depending on the number of HARQ-ACK bits in order to optimize overhead/performance, if this is allowed.
For the previous DL DAI options, a multi-bit UL DAI is useful only when all DL SAs are missed. However, as UL SG reception in at least one cell is assumed, the PDCCH reception is not highly correlated among cells and the probability of missing all DL SAs, and not having a DL SA in the same cell as the UL SG, is practically negligible. 

3 Conclusions

This contribution considered DAI design aspects and overall support for HARQ-ACK transmission in the PUSCH (and the PUCCH). Based on the analysis, the following are proposed for operation with DL CA:
Proposal 1: Explicit DTX support is provided.  
Proposal 2: Depending on DTX support method, a 2-bit absolute counter DAI or a 3-bit forward relative counter DAI is included in the DL scheduling assignments.

Proposal 3: A 1-bit DAI is included in the UL scheduling grants to indicate HARQ-ACK inclusion in PUSCH.
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