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1. Introduction

It was agreed at the RAN1 #60 meeting that a single UE-specific UL CC is semi-statically configured for conveying ACK/NACK, scheduling request and periodic CQI on the PUCCH for CA. Based on this agreement a UE which is configured for DL CA is required to transmit multiple ACK/NACK bits corresponding to the different DL CCs on which it receives DL assignments. Several HARQ-ACK multiplexing methods were proposed at RAN1 #60 including 
· How many simultaneous PUCCH signals? (Multi-sequence modulation)
· PUCCH format 1b with SF reduction to 2 or 1

· Channel selection, e.g. with:

· extended to support 5 CCs

· used in conjunction with another scheme for the 5th CC

· with spatial bundling for dual codeword case

· PUCCH format 2 

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

· A/N bundling within / across CCs

· Also consider TDD
This contribution compares the different multiplexing methods based on several criteria including multiplexing capacity, specification impact, preserving single carrier transmissions, and performance.
2. Multiplexing Schemes
A few design guidelines are recommended for selecting the appropriate multiplexing scheme(s) for CA. These include

· Strive to maintain the single carrier property or at the very least limit the number of simultaneous transmissions.

· The transmission format should be based on the CC configuration and not on the CC activation because of the possible high duty cycle in CC activation/deactivation by MAC control elements. 

· Consider compatibility to design for CQI reporting format in CA.

The proposed HARQ-ACK multiplexing schemes can be categorized into separate and joint encoding schemes. PUCCH Format 1b and Rel-8/9 TDD channel selection are examples of separate encoding, whereas PUCCH Format 2 and DFT-S-OFDM are joint encoding schemes. For joint encoding schemes, the feedback states must explicitly account for ACK, NACK and DTX events. For a single CC the possible ACK/NACK events are {ACK, NACK, DTX} and {(ACK, ACK), (ACK, NACK), (NACK, ACK), (NACK, NACK), DTX} for SIMO and MIMO respectively. Throughout this contribution the number of configured DL CCs is denoted by N. Therefore, joint encoding requires a maximum of 
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bits for SIMO-FDD and 
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bits for MIMO-FDD, where an actual DTX from the UE in subframe n indicates to the eNB that no PDCCH (or SPS DL grant) was received on any DL CC in subframe
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. For TDD the exponent is further scaled up by 4 for explicit feedback states.
2.1. A/N Bundling

Spatial and/or temporal bundling can be used for multiple HARQ-ACK signals, similarly to Rel-8 TDD. As noted in [1] bundling across CCs is not recommended because of the limited correlation, if any, between CCs. This is true even when these CCs occur in the same RF band.
2.2. Channel selection

Rel-8 TDD supports channel selection of up to four Format 1a/1b resources for ACK/NACK signaling of up to four DL subframes. This provides unique signaling for up to 4 (number of channels) * 4 (QPSK states) = 16 feedback states.  In order for the UE to indicate possible DTX states on the last subframe, three more feedback states were added to give a total of 19 explicit feedback states in Table 10.1-4 of [2]. Similarly, channel selection can be reused for supporting ACK/NACK of up to N = 4 DL CCs in an FDD system. For N = 5, 36 feedback states are required including the four possible sequences containing DTX states, namely, 

· (NACK/DTX, NACK/DTX, NACK/DTX, NACK/DTX, DTX)
· (NACK/DTX, NACK/DTX, NACK/DTX, DTX, DTX)
· (NACK/DTX, NACK/DTX, DTX, DTX, DTX)

· (NACK/DTX, DTX, DTX, DTX, DTX)

However, reserving five PUCCH channels only provides 32 feedback states. Therefore, channel selection must be combined with some other scheme when N = 5. For example, it was proposed in [3] to semi-statically reserve 4 more PUCCH resources. For 
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this implies that only 2 UEs configured with N = 5 can be multiplexed in one RB. An alternative option is channel selection combined with reduction of the Format 1b data spreading factor (SF) from 4 to 2. 
It should be noted that N = 5 is the exception and not the rule in CA. For more typical cases such as N = 2 or 3, channel selection is an excellent choice for FDD systems. For the exceptional case of N = 5 another possible solution is to transmit UCI on PUSCH by allocating an UL grant to the UE. This solution has minimal standardization effort and can largely be left to eNB implementation. Moreover, this solution may be the best choice if there are only a few UEs that could be configured for N = 5 DL CCs. 
Channel selection alone may not be adequate for TDD systems supporting up to 4 DL subframes and up to 5 DL CCs. It could be combined with bundling across subframes if it is desired that the same multiplexing scheme for CA be used for both TDD and FDD. However, this may not be optimal for TDD when the UE is not coverage-limited.

2.3. Spreading Factor Reduction for PUCCH Format 1 

Multiple HARQ-ACK signals can also be enabled by reducing the spreading factor (SF) of the orthogonal cover code (OCC) in Format 1b from 4 to 2 or even to 1 (i.e. no spreading) [4]. An example is shown in Figure 1 where 2 HARQ-ACK symbols are transmitted in the same slot. 

A few observations on this scheme can be made:

· Two HARQ-ACK signals for two DL CCs can be conveyed on the same PUCCH channel for SF = 2.

· Coexistence issues arise for Rel-8/9 UEs when
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because of possible orthogonal code conflicts. This problem can be avoided by eNB scheduling. For larger delay spread channels, where 
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there is no code conflict for the same cyclic shift.
· Reduction in SF also implies a reduction in processing gain. A comparison between Format 1b with SF = 2 and 1b with M = 2 channel selection is shown in the appendix.
· DTX detection performance for 1 DL CC could also be degraded compared to Rel-8 because there are now only two symbols per slot for the detection. 
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Figure 1 Transmission of 2 HARQ-ACK symbols with SF = 2
2.4. Format 2

PUCCH Format 2 provides a maximum payload size of 13 bits, which is sufficient for FDD systems with 5 DL CCs and MIMO on each CC. However, it is known that the performance of the (20, 13) RM code suffers for such large payloads. Nevertheless, Format 2 can be considered as the HARQ-ACK scheme for two DL CCs (i.e. a maximum of 4 HARQ-ACK bits). The performance of Format 2 is compared with channel selection in the appendix.
2.5. DFT-S-OFDM

For TDD and FDD with MIMO on up to 5 DL CCs it was suggested in [5] and [6] to use DFT-S-OFDM as a new PUCCH format. There are different possibilities for the data and RS patterns for normal CP as shown in Figure 2. For example, the Format 2 pattern allows multiplexing of up to 5 PUCCH channels (using an OCC sequence length of 5) in one slot. As was shown during the Rel-8 discussions on PUCCH format design for CQI reports [7] there is a trade-off between multiplexing capacity and the performance offered by a lower coding rate. With the pattern shown in Figure 2(a) 48 coded bits can be transmitted for each user across two slots, which gives an effective coding rate of 1/4 for a 12-bit payload. In contrast, PUCCH Format 2 offers a coding rate of 3/5 for the same payload size but with poorer performance of the RM code. It is FFS which coding scheme is best suited for DFT-S-OFDM between a tail-biting convolutional coding scheme and a block coding scheme. 

Semi-static signaling of resources is required for this scheme. This may not be a big issue based on the RAN1 agreement that we should not optimize for large number of UEs supporting CA. However, the overhead may still not be justified, at least in FDD systems, for typical cases of N = 2. 
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Figure 2 Possible Data/RS patterns for DFT-S-OFDM
2.6. Multi-sequence modulation

In this scheme multiple PUCCH channels are employed for transmitting multiple ACK/NACK bits. However, as pointed out in a RAN4 LS [8], the location of the PUCCH resources has a significant impact on the transmit power back-off that may be required to meet ACLR, SEM and EVM requirements. It is possible that the impact is smaller if the resources are located in the same RB. Note that this may require a modification to the implicit PUCCH resource allocation scheme that was used in Rel-8. This scheme should be limited to transmission of two or three PUCCH channels to minimize the required transmit power back-off. At this juncture it is unclear if, or when, RAN4 can definitively state that, within the Rel-10 timeframe, multi-sequence modulation is practical. Thus, our preference is for single channel transmission in Rel-10.

3. Comparison
A preliminary comparison of the proposed schemes is shown in Table 1. Although each scheme is evaluated independently, it is noted that some schemes can be combined such as channel selection with SF reduction.
Table 1 Preliminary comparison of Rel-10 HARQ-ACK multiplexing schemes

	Criteria
	Channel selection
	Format 1 with SF reduction
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	Multi-sequence modulation
	Format 2
	DFT-S-OFDM

	Multiplexing capacity per RB for N = 5 CCs
	2/4 for large/small delay spread channels (9 reserved channels)
	Similar to Rel-8
	N/A
	6/12 for large/small delay spread
	5 (for Format 2 pattern in Figure 1)

	Scalability
	Good for FDD if N=4. Can be combined with SF reduction. For TDD it must be combined with another scheme. 
	4 bits per PUCCH channel
	No
	May not be appropriate for TDD due to practical payload sizes for good performance
	Good for both TDD/FDD. May also be considered for periodic CQI in CA.

	Encoding
	Separate
	Separate
	Separate/Joint
	Joint
	Joint

	Performance
	Approximately the same as Rel-8 performance
	Slightly worse than Rel-8 because of smaller processing gain
	Similar to Rel-8 conditioned on the same transmit backoff
	Poor for payloads greater than 5
	Good (lower coding rate)

	Specification impact
	Limited to moderate
	Moderate
	Moderate
	None
	Moderate to high


4. Conclusion

This contribution has compared several proposed HARQ-ACK multiplexing schemes. Conclusions can be summarized as follows
· Bundling should be limited to spatial and temporal domains.

· Rel-8 TDD channel selection is an excellent choice for FDD systems when N is less than 5.
· For N = 5, up to 9 PUCCH resources must be reserved for one UE.

· It is possible to combine channel selection with SF = 2.

· SF = 2 scheme cannot be used when 
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due to coexistence issues with Rel-8/9 UEs

· DTX performance should be studied with respect to Rel-8. 

· For joint coding, and N = 5 DL CCs, DFT-S-OFDM is a straightforward solution particularly for TDD.
· However, the overhead for this scheme may not be justified when N is small because it may not be multiplexed with Rel-8 UEs in the same RB.

· Performance of PUCCH Format 2 dictates that it can only be used for small HARQ-ACK payloads.

As a way forward we recommend that the following two schemes are further studied for multi-ACK payloads, namely

· Channel selection (possibly with SF reduction)

· DFT-S-OFDM

References
[1] 3GPP, R1-101085, Texas Instruments, “Views on ACK/NACK Resource Allocation”

[2] 3GPP, TS 36.213 v9.0.1, “Physical layer procedures”

[3] 3GPP, R1-100876, CATT, “Design of UL ACK/NACK Transmission for FDD with CA”
[4] 3GPP, R1-101477, Qualcomm, “UL ACK for MC operation”
[5] 3GPP, R1-100875, CATT, “Design of UL ACK/NACK Transmission for TDD with CA”
[6] 3GPP, R1-100909, Ericsson, ST-Ericsson, “Design of PUCCH format for carrier aggregation”
[7] 3GPP, R1-074812, NTT DoCoMo, Nokia Siemens Networks, Nokia, Mitsubishi Electric, Toshiba Corporation, “PUCCH Structure for CQI Report”

[8] 3GPP, R1-101720, RAN4 LS, “LS on simultaneous PUSCH and PUCCH and clustered SC-FDMA”
Appendix 
In this section the BLER performance is defined as the sequence error rate when a multi-bit HARQ-ACK payload is transmitted. The simulation parameters are described in Table 2. 
Table 2 Simulation parameters
	Parameters
	Value

	Bandwidth
	5 MHz

	Channel profile
	ETU

	Antenna correlation
	Uncorrelated

	UE speed (kmph)
	3

	Antenna configuration
	1Tx, 2Rx

	Frequency hopping
	At slot boundary

	Modulation
	QPSK

	Channel estimation
	Realistic

	Multiplexing schemes
	Format 2, Format 1b with channel selection, Format 1b with SF = 2

	Number of UEs in PUCCH RB
	1 (Figure 3), 3 (Figure 4)
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Figure 3 shows the performance comparing Format 1b with M = 2 channel selection and Format 1b with SF = 2. It can be seen that there is a loss of 1.1 dB for SF = 2 compared to M = 2 channel selection. However, it should be noted that this loss is due to the tradeoff between a reduction in SF when compared to reserving M = 2 PUCCH resources. 
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Figure 3 Comparison of Format 1b for M = 2 channel selection and SF = 2

Figure 4 compares PUCCH Format 2 and Format 1b with channel selection. Three UEs are simulated in one RB with the result for one UE shown in Figure 4. The required payload size for Format 2 is 5, 7, 10 bits corresponding to N = 2, 3, 4 CCs respectively. It can be seen that Format 2 has good performance only for N = 2. The performance of channel selection is unchanged for M = 2, 3, 4 as expected.
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Figure 4 Comparison of Format 2 and Format 1b channel selection
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