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1 Introduction
At the RAN1#61 meeting, several main candidate ACK/NACK transmission schemes were proposed and discussed [1][2][3], but none was agreed. These candidate schemes include

· Channel selection

· Enhanced (or Extended) channel selection

· Spreading factor (SF) reduction to 2, i.e., SF=2

· Format 2

· DFT-S-OFDM with SF=5

In this contribution, the performance of all the aforementioned schemes is evaluated and compared. In addition, we further discuss these schemes from the aspects of capacity and backward compatibility. 
Based on the evaluation results and discussions on these candidate schemes, it is proposed that:

· When PUCCH payload size is 3~6 bits, Enhanced channel selection/Channel selection is used. 
· When PUCCH payload size is larger than 6 bits, Format 2 based scheme is used.

2 ACK/NACK transmission schemes  
As up to two bits ACK/NACK transmission is already supported in Rel-8 by PUCCH format 1a/1b, only the ACK/NACK transmission schemes for payload sizes larger than 2 bits need to be defined. Furthermore, for ACK/NACK transmission, it is preferable to preserve the single carrier property for low cubic metric (CM), and therefore only the schemes preserving single carrier property are discussed in this contribution. In the following, these candidate schemes are defined. 
· Channel selection
This scheme is based on Rel-8 channel selection principle, where the information is encoded by selecting one channel from a number of available channels and a QPSK modulation symbol to be transmitted on the selected channel. To support more ACK/NACK bits transmission than in Rel-8, the number of channels has to be increased [4]. Considering the resource reservation overhead, we limit the configurations for Channel selection to 5 bits, which are listed in Table-1. 
Table-1: Simulation cases for Channel selection
	Number of ACK/NACK bits

(m)
	Number of required channels

(n=2m/M)
	Modulation scheme

M

	3
	2
	4 (QPSK)

	4
	4
	4 (QPSK)

	5
	8
	4 (QPSK)


· Enhanced channel selection
Enhanced channel selection is also based on the Rel-8 channel selection principle, which extends the selection to also include the demodulation reference signal (DMRS) part [4][5]. Compared to channel selection, the advantage of Enhanced channel selection is that the number of reserved channels can be reduced. In Table-2, the simulated configurations are listed.
Table-2: Simulation cases for Enhanced channel selection

	Number of ACK/NACK bits

(m)
	Number of required channels

(n=ceil(sqrt(2m/M)))
	Modulation scheme

M

	3
	2
	2 (BPSK)

	4
	2
	4 (QPSK)

	5
	3
	4 (QPSK)

	6
	4
	4 (QPSK)


· Spreading factor reduction
When the spreading factor of Rel-8 PUCCH format 1a/1b is reduced from 4 to 2, 4 bits ACK/NACK (two QPSK symbols) can be supported. If SF=2 is further combined with channel selection, it can be used for more than 4 bits ACK/NACK transmission [6]. In Table-3, the simulated configurations are listed.

Table-3: Simulation cases for spreading factor reduction

	Number of ACK/NACK bits  (m)
	Number of required channels
	Number of bits for channel selection
	Modulation scheme

	3
	1
	0
	(QPSK,BPSK)

	4
	1/2/4
	0/1/2
	(QPSK,QPSK)/ (BPSK,QPSK)/(BPSK,BPSK)

	5
	2/4
	1/2
	(QPSK,QPSK)/ (QPSK,BPSK)

	6
	4
	2
	(QPSK,QPSK)


· Format  2

Up to 13 bits can be supported by Format 2 [7] and we evaluate it as defined in Rel-8, i.e., with the 6th column included of the RM code.
· DFT-S-OFDM with SF=5

Twelve QPSK modulation symbols are transmitted in one resource block, and each symbol is spread over 5 resource elements in time domain. In total, there will be 24 QPSK symbols (48bits) transmitted in two slots, which are generated by Rel-8 (32, A) RM code and circular buffer rate matching [8]. For DFT-S-OFDM with SF=5, up to 11 bits can be supported. 
3 Performance evaluation 
In this section, the performance of these candidate schemes is evaluated and compared. Three cases Pr(DTX->ACK), Pr(ACK->DTX or NACK) and Pr(NACK->ACK) are evaluated for each scheme. The related simulation assumptions and detailed simulation results can be found in Appendix I and II. 
As there are different performance requirements for the above three cases, the required SNR for each scheme shall fulfill all the three requirements which are assumed to be:
· Pr(DTX->ACK)≤10-2
· Pr(ACK->DTX or NACK)≤10-2
· Pr(NACK->ACK)≤10-3
For comparison, the required SNR [dB] for fulfilling all these requirements for each scheme, respectively, is summarized in the following tables
 under different channel models.
                                              Table-4: The required SNR for EPA 3kn/h for 5 MHz bandwidth
	Number of ACK/NACK bits
	Channel selection
	Enhanced channel selection
	SF=2 
	Format 2
	DFT-S-OFDM with SF=5

	3
	-5.9
	-5.9
	-5.0
	-5.7
	-4.7

	4
	-5.6
	-5.6
	-4.7/-5.0/-4.5
	-5.0
	-4.6

	5
	-5.1
	-5.1
	-4.6/-4.6
	-4.5
	-4.4

	6
	NA
	-4.9
	-4.4
	-2.2
	-4.4

	8
	NA
	NA
	NA
	-1.6
	-3.4

	10
	NA
	NA
	NA
	-0.7
	-2.4


Table-5: The required SNR for EPA 3km/h for 10 MHz bandwidth
	Number of ACK/NACK bits
	Channel selection
	Enhanced channel selection
	SF=2 
	Format 2
	DFT-S-OFDM with SF=5

	3
	-6.1
	-6.0
	-5.2
	-5.8
	-4.9

	4
	-5.8
	-5.8
	-4.8/-5.3/-4.8
	-5.1
	-4.8

	5
	-5.3
	-5.3
	-4.8/-4.8
	-4.6
	-4.8

	6
	NA
	-5.2
	-4.6
	-2.4
	-4.7

	8
	NA
	NA
	NA
	-1.9
	-3.7

	10
	NA
	NA
	NA
	-1.0
	-2.7


Table-6: The required SNR for ETU 3km/h for 5 MHz bandwidth
	Number of ACK/NACK bits
	Channel selection
	Enhanced channel selection
	SF=2 
	Format 2
	DFT-S-OFDM with SF=5

	3
	-5.4
	-5.4
	-4.6
	-5.2
	-4.0

	4
	-5.2
	-5.2
	-4.0/-4.4/-4.3
	-4.5
	-3.2

	5
	-4.8
	-4.8
	-3.8/-4.1
	-3.8
	-2.9

	6
	NA
	-4.5
	-4.0
	-2.0
	-2.8

	8
	NA
	NA
	NA
	-1.1
	-2.0

	10
	NA
	NA
	NA
	-0.2
	-1.2


Table-7: The required SNR for ETU 120km/h for 5 MHz bandwidth
	Number of ACK/NACK bits
	Channel selection
	Enhanced channel selection
	SF=2 
	Format 2
	DFT-S-OFDM with SF=5

	3
	-5.4
	-5.4
	-3.2
	-5.1
	-3.6

	4
	-5.0
	-5.0
	-2.9/-4.1/-4.7
	-4.3
	-3.0

	5
	-4.7
	-4.8
	-3.2/-4.3
	-3.3
	-2.8

	6
	NA
	-4.5
	-3.6
	-1.6
	-2.8

	8
	NA
	NA
	NA
	-0.8
	-1.9

	10
	NA
	NA
	NA
	0.3
	-0.8


We note that the diversity gain of increasing the bandwidth from 5 to 10 MHz is typically within 0.4 dB and the relative performance among the schemes remains. Also when the velocity is increased from 3 to 120 km/h, the relative performance among the schemes is not changing. The performance difference between EPA and ETU is around 0.5 dB for all schemes except DFT-S-OFDM, which exhibits a larger difference.
Based on these evaluation results on EPA/3km/h/5MHz, EPA/3km/h/10MHz, ETU/3km/h/5MHz and ETU/120km/h/5MHz, Channel selection and Enhanced channel selection have the best performance for 3~6 bits, and the performance of DFT-S-OFDM with SF=5 outperforms Format 2 for 6~10 bits. SF=2 based schemes seem not to have any performance advantage. Hence from the performance point of view, the preferred choice is Channel selection/Enhanced channel selection for payloads of 3~6bits and DFT-S-OFDM with SF=5 for payloads larger than 6 bits, respectively. 
4 UE multiplexing capacity  
A further factor is the multiplexing capacity, which here is defined as the maximum number of supported users in one resource block for a certain transmission scheme given the ACK/NACK payload size. As the resource of Channel selection/Enhanced channel selection/Format 2 is based on Rel-8, for capacity calculation, it is assumed that the cyclic shift distance is 2 and that there are 6 channels for Format 2 and 18 channels for Format 1a/1b based schemes in one resource block. For DFT-S-OFDM with SF=5, it is obvious that up to five users can be supported in one resource block. The capacity of different schemes is shown in Table-8.
Table-8: UE multiplexing capacity 
	Number of ACK/NACK bits
	Channel selection
	Enhanced channel selection
	SF=2 
	Format 2
	DFT-S-OFDM with SF=5

	3
	9
	9
	12
	6
	5

	4
	4
	9
	12/6/3
	6
	5

	5
	2
	6
	6/3
	6
	5

	6
	1
	4
	3
	6
	5

	8
	NA
	NA
	NA
	6
	5

	10
	NA
	NA
	NA
	6
	5


It can be observed that Enhanced channel selection and SF=2 with 0/1 bit channel selection have higher multiplexing capacity for 3~5 ACK/NACK bits and Format 2 and DFT-S-OFDM are better for 6~10 ACK/NACK bits. However the aggregation of two or three component carriers would be a typical case in Rel-10, hence in terms of UE multiplexing capacity, Enhanced channel selection or SF=2 with 0/1 bit channel selection would be preferred for 3~5bits ACK/NACK transmission, and Format 2 or DFT-S-OFDM is suitable for 6~10 bits. 
As Channel selection, Enhanced channel selection and Format 2 use the exactly same resource as Rel-8, they can be multiplexed together with Rel-8 UEs without any backwards compatibility problems. Obviously, DFT-S-OFDM with SF=5 is not backward compatible and new dedicated resources need to be allocated.  

For the SF=2 scheme, although the same resource in terms of cyclic shift and orthogonal code as Rel-8 format 1a/1b is used, there will be part of resources within one resource block which cannot be used for Rel-8 UEs due to the reduced spreading factor. In Rel-8, three orthogonal codes with SF=4 including n0=[1 1 1 1], n1=[1 -1 1 -1] and n2=[1 -1 -1 1] are used for format 1a/1b, where n0/ n1 or n0/ n2 can be used for SF=2 assuming each code associates with 6 cyclic shifts. It can be observed that the remaining one code can not be orthogonal to one of two codes used for SF=2. Hence the resources associated with the remaining one code cannot be used in the resource block supporting SF=2. If the Rel-8 orthogonal code slot level remapping is further considered, restriction may be needed such that the obtained two orthogonal codes after remapping are same as in the first slot or the two orthogonal codes remapping is done by changing the code from n0/ n1 (or n0/ n2) to n0/ n2  (n0/ n1). As there is no such restriction on the orthogonal code remapping in Rel-8, it would be difficult to multiplex SF=2 and Rel-8 UEs with SF=4 in one resource block, i.e., SF=2 would not be backward compatible from this aspect [5], and dedicated RBs may be needed.

5 Discussion

The case of aggregating 2-3 component carriers is prioritized and should clearly be the focus of optimization. This typically could be enabled with up to 6 ACK/NACK bits payload (e.g., 3 CCs with MIMO). From the simulation results, we find that Channel selection and Enhanced channel selection offer the best and almost same performance, and Format 2 and DFT-S-OFDM are not suitable below 6 bits payload. Enhanced channel selection has the advantage of higher UE multiplexing capacity compared to Channel selection when the number of bits is larger than 3. Due to the resource reservation overhead for 5 bits, at most 4 bits payload is reasonable for Channel selection. That is, no more than 4 Rel-8 resources should be reserved, which is already supported in Rel-8 TDD Channel selection and it should be feasible to manage this also for Rel-10. Hence, any channel selection based scheme, i.e., including Enhanced channel selection and Channel selection, should not reserve more than 4 resources. For Enhanced channel selection, 4 reserved resources correspond to a payload of 6 bits. 
On one hand it is an advantage of using Enhanced channel selection for 3-6 bits, which would, e.g., enable using a single scheme for up to 3 aggregated CCs with MIMO in FDD. This may simplify the system operation, while leveraging on its merits of large UE multiplexing capacity and good performance. However, especially for TDD, in order to reduce the standardization effort, it could be further considered to also utilize the already existing Rel-8 Channel selection for supporting up to 4 bits. Therefore, we conclude that Enhanced channel selection/Channel selection principles should be used up to 6 bits ACK/NACK payload. 
For payloads above 6 bits, DFT-S-OFDM has better performance than Format 2. On the other hand it requires dedicated resources, an additional receiver, more standardization effort and the problem of supporting 12 ACK/NACK bits in case of explicit signaling DTX [9]. Currently we do not think that large payload sizes have high enough priority to motivate a new format. It would thus be preferred to base ACK/NACK transmissions with more than 6 bits payload on Format 2 in Rel-10, while not precluding that the issue could be re-visited in the future.     
6 Conclusions

In this contribution, several candidate schemes (Channel selection/Enhanced channel selection/Spreading factor reduction/Format2/DFT-S-OFDM with SF=5) for CA ACK/NACK transmission are evaluated under different channel models, and the corresponding capacity and backward compatibility is also discussed.

Based on the performance, capacity and backward compatibility, it is proposed that

· When PUCCH payload size is 3~6 bits, Enhanced channel selection/Channel selection is used. 

· When PUCCH payload size is larger than 6 bits, Format 2 based scheme is used.
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Appendix I
Table-9:  Simulation assumptions

	Parameter
	Value

	Carrier frequency
	2GHz

	Channel model
	EPA/5MHz, EPA/10MHz, ETU/5MHz,

	Velocity
	3km/h, 120km/h

	Frequency hopping
	At slot boundary

	Antenna configuration
	1×2

	RX antenna correlation
	Uncorrelated

	Channel estimation
	Practical

	CP
	Normal

	Signal bandwidth
	180kHz

	RX false alarm detection threshold
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Note: One error for each falsely generated ACK bit

	Noise estimation
	Ideal

	Number of UEs
	1

	Number of PRBs for PUCCH
	1
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	Receiver Type
	MRC with ML detection


· Pr(DTX->ACK) is plotted in lines without any mark
· Pr(ACK-> DTX or NACK) is plotted in lines with circle
· Pr(NACK->ACK) is plotted in lines with square
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� For the SF=2 schemes x/y/z and x/y mean QPSK+QPSK/1CS & BPSK+QPSK/ 2CS &BPSK+BPSK, and 1 CS & QPSK+QPSK/2CS & QPSK+BPSK, for N=4 and N=5, respectively.
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