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1 Introduction
To support HARQ of PDSCHs in case of carrier aggregation, a large number of HARQ-ACK bits need to be fed back by PUCCH. For example, for a FDD system with 5 DL CCs, the number of HARQ-ACK bits can be up to 10. Various solutions had been previously proposed such as:

1) Multiple sequence transmission

2) PUCCH format 1b with SF reduction to 2 or 1

3) Channel selection, e.g. with:

a) extended to support 5 CCs

b) used in conjunction with another scheme for the 5th CC

c) with spatial bundling for dual codeword case

4) PUCCH format 2 

5) New PUCCH signal/format (e.g. DFT-S-OFDM based) 

6) A/N bundling within / across CCs

This contribution provides the performance comparison for most of the above schemes. 

2 Discussion 
Among the above alternatives, 4 methods are currently compared, i.e. PUCCH format 2, HARQ-ACK channel selection as in Rel-8 TDD, HARQ-ACK channel selection with 2-sequence transmission and SF reduction to 2. 
1) PUCCH format 2 is a simple method for supporting a large number of HARQ-ACK bits, but it requires additional HARQ-ACK resources, beyond the ones implicitly reserved by the PDCCH CCEs for Rel-8 type operation, which will in turn result to resource wastage (Rel-8 resources are not used) and increase the overhead in the UL Primary CC (UL PCC). 

2) HARQ-ACK channel selection as in Rel-8 TDD can support up to 4 HARQ-ACK bits. However, it is difficult to extend this scheme for a larger number of HARQ-ACK bits. Support of 5 bits may be possible [1] but further extensions are almost certainly not possible in practice. 
3) Multi-sequence HARQ-ACK transmission should generally be avoided due to the impact on spectral emissions. However, UEs with transmission of a large number of HARQ-ACK bits (e.g. 5 or more bits) are unlikely to be power limited and a large MPR can be accounted for transmission of 2 sequences. Moreover, by also having an explicit component for the HARQ-ACK resource indexing [3], the eNB scheduler can place (with large probability) the 2-sequence transmission in the same PRB. Then, spectral emission issues are practically avoided and the performance is enhanced due to improved channel estimation. Together with channel selection, this can be one method for providing support of more than 4 bits (e.g. up to 8 bits) while maintaining the use of Rel-8 PUCCH structures.

4) SF reduction to 2 is another simple alternative which, together with channel selection, can provide support for a large number of HARQ-ACK bits (e.g. up to 6-8 bits) while maintaining the use of Rel-8 PUCCH structures. If the transmission is in the same PRB, 8 bits can be supported with a single sequence. Otherwise, 6 bits can be supported with a single sequence. As for the 2-sequence transmission method, with an explicit component for the HARQ-ACK resource indexing [3], the eNB scheduler can typically place the possible resources for the HARQ-ACK signal transmission in the same PRB. Otherwise, SF=2 is simply used in conjunction with a 2-sequence transmission (in general, supporting SF=2 reduces/avoids the probability for 2-sequence transmission). 
In all cases, limited spatial bundling can also be applied (for example, to reduce 10 HARQ-ACK bits to 8 HARQ-ACK bits). 
3 Performance comparison
This section provides performance results for the previous schemes. The basic simulation assumptions are listed in Table 1. MMSE channel estimation is used and only single UE transmission is modeled (no intra-cell interference). To simplify the description, DTX detection is not modeled. This is rather advantageous to PUCCH format 2 or DFT-S-OFDM format which needs to explicitly jointly code DTX information, thereby requiring larger payloads.  
Table 1: Simulation Assumptions

	Antenna configuration
	Tx: 1; Rx: 2

	Channel model
	TU-6, 3 km/h

	Channel estimation
	Realistic

	Intra-cell interference 
	None 

	DTX detection 
	None 

	System BW
	10 MHz


3.1 Channel selection versus PUCCH format 2
Transmission for 2-4 HARQ-ACK bits can be supported by channel selection as in Rel-8 TDD. For the transmission of 5 HARQ-ACK bits and QPSK, 36 ACK/NACK/DTX states are required while a maximum of 20 can be assumed available. Therefore, either additional states are needed, for example by using more than 1 CCE for some DCI formats (e.g. DCI format 2 which is associated with multi-layer transmission and requires 2 or more CCEs), or by semi-statically configuring additional resources, or by reducing the number of states by collapsing DTX and NACK onto the same state (and still using 3 additional HARQ-ACK resources). 

PUCCH format 2 can convey 2 to 5 bits using the corresponding RM code. Although the DFT-S-OFDM format is not simulated, it is noted that for payloads up to 10 bits it provides only marginally better performance than PUCCH format 2 while PUCCH format 2 provides larger multiplexing capacity by 20% (from 5 UEs with DFT-S-OFDM to 6 UEs with PUCCH format 2 – assuming 2 RS/slot) [2]. Note that in Rel-8, PUCCH format 2 was chosen over DFT-S-OFDM for the same reasons. Therefore, even though DFT-S-OFDM may be useful for payloads well above 10 bits, it is rather detrimental for the HARQ-ACK transmission with CA in Rel-10 FDD.
From the simulation results in Figure 1, HARQ-ACK channel selection always shows better performance than PUCCH format 2 and the difference is close to 1 dB which is significant. 
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Figure 1: BER for 3-5 HARQ-ACK bits - Channel Selection versus PUCCH Format 2.
3.2 Transmission of 2-Sequences or SF Reduction to 2
Doubling the HARQ-ACK payload through the transmission of 2 sequences generally requires 3 dB additional SINR for the same BER (if the corresponding resources cannot be ensured to be always located in the same PRB) unless the transmission is in the same PRB. There is also a CM penalty of about 0.65 dB. 
To determine the additional SINR for the SF reduction (for the HARQ-ACK signal – not for the RS) from SF=4 to SF=2, the effective SINR per slot for HARQ-ACK signal transmission assuming can be modeled as (normal CP)
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where 
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 for SF=4, and 
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 for SF=2. Therefore, the additional SINR required with SF=2 instead of SF=4 is only 1.55 dB (assuming transmission in the same PRB).
3.3 Performance Comparison for 6-10 HARQ-ACK Bits
Assuming that HARQ-ACK channel selection supports up to 5 bits with CA, combining HARQ-ACK channel selection with 2-sequence transmission or with SF=2 can support up to 10 bits with CA. Figure 2 presents the HARQ-ACK BER for the combination of HARQ-ACK selection with 2-sequence transmission and for PUCCH format 2. PUCCH format 2 is slightly better for the transmission of 6-8 HARQ-ACK bits. 
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Figure 2: BER for 6-10 HARQ-ACK bits (different PRB)
Figure 2 assumes the worst case scenario for the 2-sequence transmission in that each sequence is transmitted in a different PRB. Figure 3 considers 2-sequence transmission in the same PRB. It is clearly observed that the 2-sequence method always outperforms PUCCH format 2 and the gain can even exceed 1 dB. A 0.65 dB CM penalty for the 2-sequence transmission is applied in both Figure 2 and Figure 3.
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Figure 3: BER for 6-10 HARQ-ACK bits (same PRB)
With SF=2, there is no CM penalty if the transmission for each of the two HARQ-ACK signals is in the same PRB. The performance is shown in Figure 4. SF=2 always significantly outperforms PUCCH format 2 and the gain can be as large as 2 dB.
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Figure 4: BER for 6-10 HARQ-ACK bits.
4 Conclusion 
This contribution evaluated the performance of the candidate HARQ-ACK transmission methods. In particular, the evaluation results show the following:

a) For the transmission of up to 4 HARQ-ACK bits, channel selection outperforms PUCCH format 2 (and DFT-S-OFDM).

b) For the transmission of 6-10 HARQ-ACK bits, channel selection with 2-sequence transmission outperforms PUCCH format 2 if the 2-sequence transmission is in the same PRB and provides similar performance as PUCCH format 2 if the 2-sequence transmission is in different PRBs.
c) For the transmission of 6-10 HARQ-ACK bits, channel selection with SF=2 outperforms PUCCH format 2 by as much as 2 dB.
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