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1. Introduction

At the RAN1#60 meeting, it was agreed that a single UE-specific UL component carrier (CC) would be configured semi-statically to carry the PUCCH ACK/NACK (A/N), scheduling request (SR), and periodic channel state information (CSI) from a UE. Furthermore, according to the agreements at the RAN1#58bis meeting, the following two A/N transmission schemes should be supported in Rel. 10.
· Full A/N transmission: One A/N for each DL CC transport block should be supported.
· Limited A/N transmission: Limited A/N transmission for the DL CC transport blocks should be supported for power limitation.

This contribution focuses on the full A/N transmission, which is additionally applied to the limited A/N transmission with channel selection [1]. In order to support the full A/N transmission, a PUCCH structure that can support the payload size of at least 10 bits is required as confirmed at the RAN1#60bis meeting. To support such a relatively large payload size efficiently, the transmission scheme based on the joint coding of multiple A/N bits is preferred [2]. According to the ways forward discussed at the previous RAN1#61 meeting [3],[4], this contribution investigates the following two candidates for the PUCCH format for full A/N transmission.

· PUCCH format 2 based [5]-[8]
· Includes possible extension with multi-sequence modulation [9]
· DFTS-OFDM based [10]-[12]
2. Performance Evaluation
First, we compare the two candidates from the performance viewpoint. Table 1 gives the simulation parameters based on [13]. System bandwidths of 5 MHz and 10 MHz are assumed for the Enhanced Typical Urban (ETU) channel and Enhanced Pedestrian-A (EPA) channel, respectively. The terminal speed of 3 km/h at the carrier frequency of 2 GHz is assumed for both channel models. The threshold for DTX detection is determined such that the probability of the PUCCH DTX being detected as ACK becomes 1%. In the evaluation, the required received SNR is obtained so as to satisfy the following three requirements.
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Table 1 – Simulation conditions
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As a reference, Figs. 1(a) and 1(b) show the required received SNR for achieving the bit error rate (BER) of 10-3 without DTX detection as a function of the number of bits, N, for A/N multiplexing in the EPA and ETU channels, respectively. The number of bits for A/N multiplexing is set to N = 2, 4, 5, 6, 8, and 10. As the A/N multiplexing scheme, PUCCH format 2, PUCCH format 2 without a basis sequence Mi, 5, and DFTS-OFDM based scheme are employed. When the number of bits is less than 6 bits, although PUCCH format 2 and that without Mi, 5 provide slightly better performance than that of the DFTS-OFDM scheme, the performance difference is within 0.5 dB. On the other hand, when the number of bits is larger than 5 bits, the DFTS-OFDM based scheme always yields the best performance among the three schemes.
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 (a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 1 – Required received SNR for achieving BER = 10-3 without DTX detection
Figs. 2(a) and 2(b) show the required received SNR satisfying requirements (1)-(3) with DTX detection as a function of the number of bits, N, for A/N multiplexing in the EPA and ETU channels, respectively. For the EPA channel, all the schemes provide the same required received SNR up to 5 bits. In this region, requirement (3) is dominant (see Figs. 5-7 in Appendix). However, when the number of bits is larger than 5 bits, the DFTS-OFDM based scheme always yields the best performance among the three schemes. In this region, requirement (2) becomes dominant (see Figs. 8-10 in Appendix). For instance, when N = 8 (10) bits, with the DFTS-OFDM scheme, reductions in the required received SNR of 1.7 (1.8) dB and 1.4 (2.7) dB are achieved compared to those for PUCCH format 2 and that without Mi, 5, respectively. Also for the ETU channel, the DFTS-OFDM scheme provides the best performance although the difference in the required SNR is smaller than that for the EPA channel. When N = 8 bits, with the DFTS-OFDM scheme, the reductions in the required received SNR are 0.9 dB and 0.6 dB compared to those for PUCCH format 2 and that without Mi, 5, respectively.
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 2 – Required received SNR satisfying requirements (1)-(3) with DTX detection
Observation 1: From the viewpoint of performance, the DFTS-OFDM-based format has notable benefits in the case of a relatively large payload size (> 5 bits)
3. Affinity to Shortened Format

In Rel. 8/9, a shortened format for PUCCH format 1a/b is supported for concurrent transmission of A/N and the sounding reference signal (SRS). Therefore, in addition to the performance, affinity to the shortened format should be taken into account to determine the exact PUCCH format for full A/N transmission. 

Fig. 3 shows an example of the shortened format for PUCCH format 2. It has the following properties.

· Achieved by puncturing
· The shortened format for PUCCH format 2 is simply achieved by puncturing the last SC-FDMA symbol. 
· Retained multiplexing capability
· Orthogonality of PUCCH format 2 between UEs is achieved by cyclic shift within each SC-FDMA symbol. Therefore, the multiplexing capability with 12 cyclic shifts is retained.

· UE-specific application

· Regarding PUCCH format 2, orthogonal multiplexing of the shortened format and non-shortened format is possible as shown in Fig. 3. Therefore, usage cases for the shortened format are limited only when concurrent transmission of A/N and SRS occurs within the same UE.
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Figure 3 – Example of shortened format for PUCCH format 2

Fig. 4 shows an example of the shortened format for the new DFTS-OFDM-based format. It has the following properties.

· Achieved by either spreading factor reduction or RS symbol removal
· To achieve the shortened format, removal of the last SC-FDMA symbol is required. One possible scheme is to reduce the spreading factor in the second slot as shown in Fig. 4(a). However, in this case, the multiplexing capability of the shortened format is reduced by one compared to that for the non-shortened format.
· Another possible scheme is to remove one RS symbol in the second slot as shown in Fig. 4(b). In this case, the multiplexing capability is retained. However, this scheme is not applicable in the case of an extended cyclic prefix.

· Cell-specific application

· Regarding the DFTS-OFDM based scheme, orthogonal multiplexing of the shortened format and non-shortened format is not possible. Hence, the shortened format is always applied to the cell-specific subframes in which SRS is configured.
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Figure 4 – Examples of shortened format for DFTS-OFDM based format

Observation 2: Both PUCCH format 2 (including multi-sequence modulation) and the DFTS-OFDM-based format can achieve the shortened format. However, the DFTS-OFDM-based format requires spreading factor reduction or RS symbol removal in the second slot.

4. Conclusion

Finally, Table 2 summarizes our current observations on the two candidate schemes from the viewpoints of performance and affinity to the shortened format. The exact PUCCH format for full A/N transmission should be carefully selected considering these aspects. 
Table 2 – Comparison of PUCCH formats for full A/N transmission
	Format
	Shortened format
	Performance

	
	Applicability
	Operation
	

	PUCCH format 2 based
	Possible

(Multiplexing capability and number of RS symbols are retained)
	UE-specific
	Worse for relatively large payload size (> 5 bits)

(FFS improvement by multi-sequence modulation)

	DFTS-OFDM based
	Possible

(Either spreading factor reduction or RS symbol removal is required in the second slot)
	Cell-specific
	Better for relatively large payload size (> 5 bits)
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Appendix: Link-level Performances
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 5 – Link-level performance (N = 2 bits)
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 6 – Link-level performance (N = 4 bits)
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 7 – Link-level performance (N = 5 bits)
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 8 – Link-level performance (N = 6 bits)
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 9 – Link-level performance (N = 8 bits)
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(a) EPA, 10 MHz                                                (b) ETU, 5 MHz

Figure 10 – Link-level performance (N = 10 bits)
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