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1 Introduction

The main agreement in RAN1#60bis regarding the UL HARQ-ACK transmission in case of DL CA was that a maximum of 10 HARQ-ACK bits shall be supported (FFS for 12 bits if DTX is explicitly signaled) and that the optimization shall be for M to N bits where M<N<10 (thereby implying optimization for a moderate number of HARQ-ACK bits and not for a number of HARQ-ACK bits close to the, mostly theoretical, maximum of 10 bits). 

Although HARQ-ACK transmission methods such as multi-sequence transmission in the same PRB and SF reduction to SF=2 (both based on PUCCH format 1b) have not been precluded from further consideration, they cannot support a maximum of 10 bits in a simple straightforward extension of Rel-8 transmission methods and for this reason they are not considered in this contribution. 

The primary design choices therefore concern the following three aspects:

a) Selection between PUCCH format 2 and a DFT-S-OFDM based format to support at least large HARQ-ACK payloads in FDD.

b) Whether channel selection, as in Rel-8 TDD, should also be used for small/moderate HARQ-ACK payloads.

c) Whether support of different HARQ-ACK maximum payloads is needed in practice for FDD and TDD. 

This contribution evaluates the performance for PUCCH format 2 and for a DFT-S-OFDM format and the respective overhead, implementation and specification complexity characteristics for an FDD system. The performance of channel selection is also considered for up to 4 HARQ-ACK bits. Resource assignment schemes are described in [1]. 
2 Evaluation Metrics
An overview for the performance, overhead, implementation and specification complexity characteristics for the previous HARQ-ACK transmission methods is subsequently provided. 
With the exception of PUCCH format 2 and the new PUCCH format (e.g. DFT-S-OFDM), channel selection, as in Rel-8 TDD, is assumed in all other cases for transmission of up to 4 HARQ-ACK bits. 
2.1 Performance
The required SINR to achieve the 1e-3 and 1e-4 HARQ-ACK BER targets is presented in Figure 1 as a function of the HARQ-ACK payload. Three HARQ-ACK transmission methods are considered. 

The first method is the Rel-8 channel selection (HARQ-ACK multiplexing in Rel-8 TDD) for 2-4 HARQ-ACK bits.
The second method is the Rel-8 PUCCH format 2. As the mapping of the RM code-words to QPSK symbols is known to be suboptimal, an improved mapping is also considered (as described in [2]). 

The third method is the DFT-S-OFDM format [3] with SF=5 (2 RS symbols per slot) as this results to best performance.

For PUCCH format 2 and the DFT-S-OFDM format, the maximum considered payload is 10 bits (DTX is mapped to NAK). Moreover, as full DTX is a substantially less likely event with CA, targeting a DTX-to-ACK error probability of 1% is only meaningful with Rel-8 type operation as there is a single DL scheduling assignment with target miss probability of 1%, bringing the total error event probability to 1e-4 which is comparable to the NAK-to-ACK error target. For CA, the target DTX-to-ACK error probability can be much larger than 1% - a 10% value was assumed.
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Figure 1: Required SINR versus HARQ-ACK payload for HARQ-ACK BER of 1e-3 (left) and 1e-4 (right).
Based on the results in Figure 1, the following observations are made:

a) Channel selection (for up to 4 HARQ-ACK bits) outperforms PUCCH format 2 and the DFT-S-OFDM format.

b) For up to 5 bits, PUCCH format 2 outperforms the DFT-S-OFDM format. For 6-10 bits the DFT-S-OFDM format outperforms PUCCH format 2.

a. The performance gap of PUCCH format 2 between 5 and 6 bits reflects the suboptimal mapping. This performance discontinuity is removed using the improved mapping [2].

b. The relative performance of PUCCH format 2 will improve with increasing sources of diversity (e.g. 2 UE transmitter antennas or 4 Node B receiver antennas) or with decreasing channel diversity (e.g. for a frequency non-selective channel) – the setup in Figure 1 provides the worst conditions for the performance PUCCH format 2 relative to the DFT-S-OFDM performance.  
Therefore, in terms of performance, channel selection is preferable for HARQ-ACK payloads up to 4 bits. Comparing PUCCH format 2 (with modified mapping) and the DFT-S-OFDM format, it is observed that the performance difference is always within 1 dB and PUCCH format 2 outperforms for small/moderate HARQ-ACK payloads. These are the types of payloads which need to be optimized as the case of 4-5 DL CCs with 2 CW transmission in each DL CC is rather uncommon and such UEs are anyway expected to have at least moderate SINR (both in DL and UL).
2.2 Overhead and Implementation/Specification Complexity
Rel-8 Channel Selection

In terms of overhead, using Rel-8 channel selection and QPSK to transmit 2-4 HARQ-ACK bits, requires 2-4 resources for PUCCH format 1b. With 18 HARQ-ACK channels per PRB for PUCCH format 1b, the overhead is 0.11–0.22 PRB. Moreover, in case of cross-carrier scheduling with all DL SAs being transmitted in the DL PCC, the Rel-8 mapping rules are simply re-used and there is no additional overhead.  
Obviously, channel selection for up to 4 HARQ-ACK bits can simply re-use Rel-8 implementation and specification. Combined with the fact that a maximum of 2 DL CCs will be supported in Rel-10, channel selection is the only HARQ-ACK transmission method that needs to be implemented in Rel-10 and therefore no new implementation/testing is needed for Rel-10 (although the Rel-10 specifications will support higher HARQ-ACK payloads). 
PUCCH Format 2
In terms of overhead, explicit resource indication (either through RRC or through MAC) is always needed. Assuming 6 PUCCH format 2 channels per PRB, the overhead is always 0.17 PRB (per UE). 
From a specification perspective, although the structure of PUCCH format 2 is already described by Rel-8 (and it is a trivial matter to modify the mapping of CWs to QPSK symbols [2]), the codebook design and codeword mapping to combinations of HARQ-ACK bits will need to be defined. This is different than the Rel-8 decoding process for PUCCH format 2. For example, slow codebook adaptation has been suggested in [3]. A “codeword to ACK/NACK values” mapping may also need to be defined as the error events “ACK-to-NACK” and “NACK-to-ACK” have different reliability requirements. 
From an implementation perspective, the impact will primarily be on the encoder and decoder design (especially on the decoder). Due to codebook adaptation depending on the number of activated or configured DL CCs, the ML decoder will need to be dynamically adapted in order to consider only the entries corresponding to activated or configured DL CCs and effectively use varying side information to set the remaining entries to a predetermined value (such as zero).
DFT-S-OFDM Based Format

In terms of overhead, explicit resource indication (either through RRC or through MAC) is always needed. Assuming 5 DFT-S-OFDM format channels per PRB (2 RS per slot), the overhead is always 0.2 PRB (per UE).
From a specification perspective, a new PUCCH format structure needs to be defined, in addition to the aforementioned codebook design and codeword mapping associated with the use PUCCH format 2.

From an implementation perspective, new transmitter and receiver designs are required to support the new PUCCH format structure, in addition to the aforementioned modifications in the encoder/decoder design associated with the use of PUCCH format 2.
3 Summary
Table 1 and Table 2 summarize the attributes for the evaluation metrics for the different HARQ-ACK transmission methods for payloads up to 4 bits and above 4 bits. Note that the case of up to 4 bits is particularly important in practice as it represents the maximum number of bits for Rel-10 deployments and also corresponds to the typical CA “use-case” for het-nets. 
Table 1: Attributes of the HARQ-ACK Signaling Methods for 2-4 bits.

	
	Performance
	Overhead
	Specification
	Implementation

	Channel Selection
	Best
	None or

0.11-0.22 PRB
	Rel-8
	Rel-8

	PUCCH Format 2
	Worse
	0.17 PRB
	Additional specs needed
	Additional complexity

	DFT-S-OFDM Format
	Worst
	0.20 PRB
	Most complex
	Most complex


Table 2: Attributes of the HARQ-ACK Signaling Methods for 2-10 bits.

	
	Performance
	Overhead
	Specification
	Implementation

	PUCCH Format 2
	Better up to 5 bits
	0.17 PRB
	Additional specs needed
	Additional complexity

	DFT-S-OFDM Format
	Better for 6-10 bits
	0.20 PRB
	Most complex
	Most complex


The first step is to decide the HARQ-ACK transmission method for HARQ-ACK payloads above 4 bits. As the only advantage of the DFT-S-OFDM format is its marginal (less than 1 dB) performance gain only for the highest HARQ-ACK payloads, it becomes evidently obvious from the comparisons in Table 1 and Table 2 that PUCCH format 2 is preferable to the DFT-S-OFDM format. In general, although the attributes of PUCCH format 2 and DFT-S-OFDM were already compared in Rel-8 and PUCCH format 2 was selected, the choice for PUCCH format 2 is even stronger in Rel-10 due to existing Rel-10 specifications and implementations for PUCCH format 2. 
The next step is to decide whether PUCCH format 2 should be used for all HARQ-ACK payloads in case of CA or whether channel selection should be used for up to 4 bits. The advantage of using channel selection, in addition to providing universally better metrics, is that no new implementation is needed for Rel-10 and the Rel-8 UE transmitter and Node B receiver functionalities can be completely maintained. There is no disadvantage as channel selection is already specified and tested. It may be left for Rel-11 to decide whether PUCCH format 2 will only be used for a UE with more than 2 configured DL CCs or whether channel selection can still be used for 2 configured DL CCs. As there is no practical reason for dropping channel selection and as the case of 2 DL CCs is of particular practical importance for optimization, using channel selection in case of 2 configured DL CCs is preferred.  

The final step is to decide whether large HARQ-ACK payloads should be supported for TDD. There are several reasons that extending support to large HARQ-ACK payloads for TDD will not provide any practical benefits and sub-frame bundling can be relied upon instead:
a) Allocations over multiple DL CCs and multiple sub-frames are most relevant for low speed UEs for which the channel will remain substantially correlated over successive sub-frames and therefore the respective correct/incorrect PDSCH receptions will also be highly correlated. Therefore, considering that the number of UEs with CA over multiple CCs and scheduling over multiple consecutive DL sub-frames will be extremely small, HARQ-ACK sub-frame bundling has minimal impact on DL throughput. 

b) Allocations over multiple DL CCs and multiple sub-frames are rarely expected to occur in practice and therefore optimizing for such case an extra does not justify additional specification/implementation complexity.
c) High UL SINRs (well above 5 dB) are required to support HARQ-ACK payloads above 20 bits with BER of 1e-4. Additionally, power control errors and limitations in multiplexing such HARQ-ACK payloads in the PUSCH may practically make the support of very large HARQ-ACK payloads infeasible in practice. 
d) Different encoding/decoding processes will be required as the Rel-8 (32, O) block codes do not perform well for payloads above 20 bits and TBCC will also need to be supported for HARQ-ACK transmission.
In case large HARQ-ACK payloads need to be supported for TDD, using multiple PUCCH format 2 transmissions is preferable due to obvious simplicity aspects. As the resources are under the Node B control, they can be placed in the same PRB to avoid any performance loss from channel estimation and any spectral emission issues. 
Therefore, the following are proposed:

Proposal 1: Channel selection is used for HARQ-ACK payloads up to 4 bits.

Proposal 2: PUCCH format 2 is used for HARQ-ACK payloads above 4 bits.
Proposal 3: HARQ-ACK sub-frame bundling is used for TDD.
4 Conclusions

This contribution provided the evaluation metrics for the HARQ-ACK transmission methods with CA. The following are proposed:
Proposal 1: Channel selection is used for HARQ-ACK payloads up to 4 bits.

Proposal 2: PUCCH format 2 is used for HARQ-ACK payloads above 4 bits.

Proposal 3: HARQ-ACK sub-frame bundling is used for TDD.
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