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1. Introduction  
Although three way forwards on PUCCH for CA were discussed during the RAN1 #61 meeting [1]

 REF _Ref263954056 \r \h 
 \* MERGEFORMAT [2]
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 \* MERGEFORMAT [3], none of them was agreed. An email discussion about the ACK/NACK multiplexing simulation assumptions was kicked off and [4] was agreed by most companies. In this contribution, we discuss the multiplexing methods listed in [1]
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 \* MERGEFORMAT [2]
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 \* MERGEFORMAT [3] in details and show our preference for ACK/NACK multiplexing. Simulation results based on the agreed simulation assumptions are also presented for different ACK/NACK payload sizes.
2. Methods for ACK/NACK multiplexing
2.1 Channel selection
Channel selection with format 1b is applied in Rel-8 TDD in order to avoid throughput performance degradation due to sub-frame bundling. It can support up to 4 ACK/NACK bits if simply reusing the mapping rule specified in Rel-8. In LTE-A, if the number of ACK/NACK bits is no more than 4, reusing the channel selection is the most appropriate method.
One argument against channel selection is that spatial bundling when applied across codewords might incur some throughput degradation. But as shown in our previous simulation for TDD considering spatial bundling, the performance loss due to spatial bundling is negligible. The simulation parameters and results are listed in Annex-A for reference. Similar results in [5] were observed. Therefore, we think reusing the Rel-8 design for up to 4 bits ACK/NACK feedback is enough.
Another issue for channel selection should be considered is how to determine the value of M. One possibility is that M is equal to the number of configured DL CCs. As mentioned in [6], in case UE is scheduled in a subset of the configured DL CCs, a reduced set of hypothesis testing is required, since eNodeB knows how many ACK/NACK bits the UE is supposed to transmit. Hence the detection performance only depends on the number of ACK/NACK bits the UE transmitted, regardless which mapping table the UE used. Therefore, it is nature that the value of M is equal to the number of configured DL CCs.   
Also in our simulation results, channel selection achieves the best performance for 2~4 ACK/NACK payload size. And comparing to other schemes, minimum standard effort is required for channel selection. Therefore, we think channel selection should be supported in Rel-10 for carrier aggregation. 

2.2 PUCCH format 1b with SF reduction to 2 / in conjunction with channel selection
PUCCH format 1b with SF reduction to 1 was excluded in RAN1#60bis, and SF reduction to 2 is supported by several companies for further study [7]
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 \* MERGEFORMAT [8]. With SF reduction to 2, up to 8 encoded bits can be transmitted if the symbols transmitted on the two slots are different. In this case, new channel coding scheme should be introduced for ACK/NACK bits encoding, such as (8,x) block code [9], which needs more standard effort. The benefit of SF reduction to 2 is that it can double the transmitted ACK/NACK bits without losing much capacity compare to other schemes. For example, 18 UEs can be multiplexed in the same PRB using format 1b to carry 2 bits while 12 UEs can be supported for format 1b with SF reduction to 2 to carry 4 bits, and only 4 UEs can be supported using channel selection to carry 4 bits. But in such case, there will be some scheduling restriction as the LTE-A UEs should be scheduled using the PUCCH channels with channel index of 0~5 or 12~17 (in case 
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 =2) within one PRB. Otherwise, the orthogonality between Rel-8 UEs and LTE-A UEs with SF reduction can not be maintained. In order to avoid the scheduling restriction, the 
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 may be set to 3. But this will result in capacity loss for the whole system, since the parameter of 
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 is cell-specific. And from the performance point of view, it was worse than channel selection.  

SF reduction to 2 in conjunction with channel selection was proposed in [10], and simulation results show that it can achieve the best performance for medium ACK/NACK payload, i.e. 4 to 6 bits. But in our simulation presented in the following section, the performance of SF reduction to 2 in conjunction with channel selection is similar to other schemes for 4~6 bits.
Therefore, we think PUCCH format 1b with SF reduction to 2 or SF reduction to 2 in conjunction with channel selection needs not be supported.

2.3 Enhanced Channel Selection
Extended or enhanced channel selection is proposed by extending the channel selection to cover also the RS part to reduce the overhead [11]
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[12]. The limitation of this scheme is that the multiple PUCCH channels need to be located on the same PRB. And as listed in [12], the number of required PUCCH channel is still very large for large ACK/NACK payload size. 
2.4 Format 2
PUCCH format 2 is another candidate to transmit multiple ACK/NACKs, especially when the number of ACK/NACK bits is relatively large. The maximum payload size that can be supported in PUCCH format 2 is 13 bits, which is large enough for full state feedback for FDD (up to 12 bits [13]). 
However, it will be up to 47 bits [13] if full state feedback is needed for TDD. There’s no need to support such large payload size in our opinion. Considering spatial bundling and no explicit DTX feedback, the number of ACK/NACK bits is listed in Table 1 for various combinations of different number of DL CCs and DL subframes.
Table 1 number of ACK/NACK bits for feedback

	Subframe     CC
	2
	3
	4
	5

	2
	4
	6
	8
	10

	3
	6
	9
	12
	15

	4
	8
	12
	16
	20


From Table 1, we can see that the number of ACK/NACK for feedback will not exceed 13 bits except some extremely DL heavy cases (with yellow background color). Therefore, using format 2 to transmit multiple ACK/NACK for large payload size is enough for most cases. To handle the extremely DL heavy cases, bundling across CCs or subframes should be considered.
Another issue for using format 2 is how to determine the codebook size of ACK/NACK bits. The number of ACK/NACK bits determines the codebook to be used when encoding the ACK/NACK feedback states. Maybe it is a common understanding that the required codebook size is based on the number of configured DL CCs. One problem for this scheme is that the codebook size is somewhat over dimensioned since the number of scheduled DL CCs is smaller than the number of configured DL CCs for most scenarios, which will affect the ACK/NACK detection performance.
One problem pointed out by some companies is that the (20, A) code for format 2 PUCCH fails to capture frequency diversity when carrying more than 5 bits [14][15][16]. And some forms of modified format 2 are also proposed, such as introducing a channel interleaver to disperse the information bearing coded bits more evenly between the two slots, or just do not use the sixth column of the encoder generation matrix [17]. We think all of the proposed methods should be taken into account to achieve better performance.
2.5 New PUCCH format
New PUCCH format, such as DFT-s-OFDM based scheme is proposed to be used as the transmission scheme for large ACK/NACK bits [21]
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 \* MERGEFORMAT [22]. The multiple ACK/NACK bits are encoded by the (32, O) RM code with circular buffer rate matching into 48 coded bits, It claims that such scheme can achieve good balance between the payload size of ACK/NACK bits, detection performance and capacity. However, if the new PUCCH format is introduced, we should also consider the resource allocation for this new format. The new PUCCH format should have a frequency area independent of PUCCH format 1/1a/1b/2/2a/2b, which will introduce additional overhead in uplink. And as mentioned in section 2.4, using format 2 is enough for most cases. If the extremely DL heavy cases and full state feedback in TDD need to be supported, new PUCCH format may need to be reconsidered. But at the current stage, based on our simulation results in Section 3, we don’t think a new format for ACK/NACK transmission is needed. 
2.6 Bundling
Bundling across CCs/spatial/subframes should be applied to get 1 or 2 bundled bits which is the same as Rel-8 for coverage limited UE(s). Some mechanism to solve the PDCCH miss detection should also be considered, e.g. the DAI representing the number of DL CCs could be introduced in the DCI format of DL assignment.
3. Simulation Parameters and Results 
In this section, we evaluate the performance of the ACK/NACK transmission schemes described in the section 2. Simulation assumptions and detailed results of bit error rate performance are provided in the Annex-B. The required SNR to satisfy P(ACK->NACK/DTX) <=0.01 and P(NACK->ACK) < 0.001 is listed in Table 2-4 for comparison.
Table 2. Required SNR to satisfy P(ACK->NACK/DTX) <=0.01 and P(NACK->ACK) < 0.001 in EPA5, 10MHz
	
	EPA5, 10MHz

	
	2bits
	3bits
	4bits
	5bits
	6bits
	8bits
	10bits

	CS
	-7.1
	-6.8
	-6.5
	NA
	NA
	NA
	NA

	Enhanced CS
	NA
	-6.5
	-6.3
	-5.9
	-5.7
	NA
	NA

	SF=2+CS
	NA
	NA
	-5.6
	-5.2
	-5.5
	NA
	NA

	SF =2
	NA
	NA
	-4.8
	NA
	NA
	NA
	NA

	Format 2
	-5.9
	-5.6
	-5.4
	-4.9
	-2.9
	-2.4
	-1

	Format 2 (Int)

	-5.9
	-5.7
	-5.3
	-5.1
	-4.6
	-3.0
	-1

	Format 2 (No 6th )
	NA
	NA
	NA
	NA
	-3.8
	-2.8
	0

	DFT-based
	-4.2
	-3.9
	-3.8
	-3.7
	-3.3
	-3.2
	-3


Table 3. Required SNR to satisfy P(ACK->NACK/DTX) <=0.01 and P(NACK->ACK) < 0.001 in ETU5, 5MHz
	
	ETU5, 5MHz

	
	2bits
	3bits
	4bits
	5bits
	6bits
	8bits
	10bits

	CS
	-6.3
	-6.0
	-5.7
	NA
	NA
	NA
	NA

	Enhanced CS
	NA
	-5.8
	-5.6
	-5.3
	5.0
	NA
	NA

	SF=2+CS
	NA
	NA
	-5.1
	-4.6
	-4.8
	NA
	NA

	SF =2
	NA
	NA
	-4
	NA
	NA
	NA
	NA

	Format 2
	-5.2
	-5.1
	-4.8
	-4.5
	-3.2
	-2.5
	-1.5

	Format 2 (Int)
	-5.3
	-4.9
	-4.7
	-4.6
	-3.8
	-2.6
	-1.2

	Format 2 (No 6th )
	NA
	NA
	NA
	NA
	-4.3
	-2.6
	-0.5

	DFT-based
	-4.3
	-3.9
	-3.6
	-3.6
	-.35
	-3.4
	-2.6


Table 4. Required SNR to satisfy P(ACK->NACK/DTX) <=0.01 and P(NACK->ACK) < 0.001 in ETU250, 5MHz

	
	ETU250, 5MHz

	
	2bits
	3bits
	4bits
	5bits
	6bits
	8bits
	10bits

	CS
	-6.5
	-6.0
	-5.6
	NA
	NA
	NA
	NA

	Enhanced CS
	NA
	-5.9
	-5.4
	-5.2
	-5.1
	NA
	NA

	SF=2+CS
	NA
	NA
	-4.6
	-3.8
	-3.7
	NA
	NA

	SF =2
	NA
	NA
	-3.2
	NA
	NA
	NA
	NA

	Format 2
	-5.4
	-5.2
	-4.9
	-4.1
	-2.7
	-2.2
	-1.3

	Format 2 (Int)
	-5.4
	-5.3
	-4.9
	-4.4
	-4.2
	-2.2
	-0.7

	Format 2 (No 6th )
	NA
	NA
	NA
	NA
	-3.5
	-2
	-0.9

	DFT-based
	-4.3
	-3.8
	-3.7
	-3.6
	-.32
	-3.4
	-2.5


From the simulation results we can see that,
· For small ACK/NACK payload size up to 4 bits, channel selection achieves the best performance in all scenarios.
· For 5~6 bits ACK/NACK, enhanced channel selection achieves the best performance. While the performance of Format 2 based schemes is close to SF reduction 2 with channel selection and both are better than DFT-based scheme. 
· The performance of DFT based scheme is better than those of Format 2 based schemes for payload size 8 and 10 bits.
· The relative performance does not change according to channel model, bandwidth, UE speed.
Based on the simulation results and from the minimum standard effort point of view, we suggest that, 
· Channel selection based on PUCCH format 1b is supported as ACK/NACK transmission scheme on PUCCH for up to 4bits ACK/NACK.

· An enhanced ACK/NACK transmission scheme on PUCCH based on PUCCH format 2 is also supported, at least for the case of >4 bits ACK/NACK.

4. Conclusions 
In this contribution, we show our views on several schemes for ACK/NACK multiplexing and performance comparison of different schemes for different ACK/NACK bits are also provided. In conclusion, we suggest that:
· Channel selection based on PUCCH format 1b is supported as ACK/NACK transmission scheme on PUCCH for up to 4bits ACK/NACK.

· An enhanced ACK/NACK transmission scheme on PUCCH based on PUCCH format 2 is also supported, at least for the case of >4 bits ACK/NACK.
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Annex-A
Table 5 Simulation parameters for ACK/NACK spatial bundling
	Parameters
	Assumptions

	Cell Layout
	19 Sites, 3 cells/site

	Number of UE per cell
	10

	Deployments Scenario
	ITU UMi

	Duplex method 
	R8 TDD: UL/DL Configuration 2, DwPTS 11, GP 1, UpPTS 2 

	Bandwidth
	10 MHz

	Scheduler
	Proportional Fair

	Transmission scheme 
	MIMO closed loop precoded spatial multiplexing (transmission mode 4 [36.213]): 4x2 MIMO

	Antenna configuration
	eNB: Co-polarized with 4 wavelengths separation

UE: Vertically polarized antennas with 0.5 wavelengths separation

	Traffic Model
	Full buffer

	Receiver type
	MMSE

	HARQ Combining Scheme
	CC

	Link adaptation
	Non-ideal, CQI report with 5ms periodicity and 6ms delay

	Channel Estimation
	Non-ideal

	Feedback channel errors
	None

	Control Channel Overhead
	LTE: L=3 (2 for DwPTS) symbols for DL CCHs, Antenna Port 0~3 CRS
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NOTE:

From above simulation results, we get similar cell edge spectral efficiency for ideal ACK/NACK and spatial bundling ACK/NACK, which is about 0.06 bps/Hz. Moreover the average spectral efficiency for ideal ACK/NACK and spatial bundling ACK/NACK are 2.08 bps/Hz and 2.06 bps/Hz respectively. The average spectral efficiency loss for spatial bundling relative to ideal ACK/NACK is less than 1%, which is negligible.

Annex-B
Table 6 Simulation parameters
	Parameters
	Assumptions

	Carrier frequency
	2.0GHz

	System BW
	5MHz for ETU, 10MHz for EPA

	CP configuration
	Normal CP

	Channel model
	ETU 3km/h 5 MHz, ETU 120km/h 5 MHz, EPA 3km/h 10 MHz

	Number of UEs in a cell
	1

	Number of Tx/Rx antennas
	1Tx-2Rx 

	RX antenna correlation
	uncorrelated

	Channel estimation
	Practical

	Noise estimation
	Ideal

	Signal bandwidth
	180kHz

	PUCCH format 
	2 bits:  Format 1b with channel selection, 
     Rel-8 Format 2

DFT PUCCH format 2 based
3bits:  Format 1b with channel selection, 
       Enhanced channel selection

     Format 2

DFT PUCCH format 2 based
4bits:  Format 1b with channel selection, 
       SF reduction to 2, 
       SF reduction to 2 in conjunction with channel selection

       Enhanced channel selection 
Rel-8 format 2, 
DFT PUCCH format 2 based
5~6bits: SF reduction to 2 in conjunction with channel selection

       Enhanced channel selection 
Rel-8 format 2, 
DFT PUCCH format 2 based
8,10 bits: Rel-8 format 2, 
DFT PUCCH format 2 based


	ACK/NACK bits
	2,3,4,5,6,8,10 bits

	RX false alarm detection threshold
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	Channel coding
	For Rel-8 PUCCH format 2:RM(20,A), RM(20,A)+Interleaver, 
For DFT-s-OFDM based: (32,O) RM code with circular buffer rate matching into 48.

	Mapping table
	For channel selection, SF=2, SF=2+channel selection, Enhanced channel selection, using the mapping table in [4]

	Channel estimation
	Practical

	CS hopping/slot-level hopping
	ON

	Number of PRBs for PUCCH
	1
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	DTX measurement
	RS+DATA (7symbols per slot) 
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3bits:
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4bits:
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5bits:
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 SF=2+CS

Enhanced CS
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6bits:
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10bits:
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� The channel interleaver used in the simulation is [0 4 8 12 16 1 5 9 13 17 2 6 10 14 18 3 7 11 15 19]
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