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1. Introduction

In RAN1#81 meeting, followings are agreed for new PUCCH format and HARQ-ACK transmission, in terms of UCI coding, codebook size, and UCI combination [1]. 
Agreements:
· For a UE that transmits more than 22 HARQ-ACK/SR bits in a subframe in a CG on either PUCCH or PUSCH, 

· X-bit CRC is included in the HARQ-ACK transmission, X >= 8 

· Baseline X for evaluation purpose only: X=8

· Rel-8 TBCC and rate matching is used 

· FFS for a UE that transmits less than 23 HARQ-ACK/SR bits in a subframe in a CG on either PUCCH or PUSCH
Agreements:
· The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at least 128 bits
· In case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits
Agreements:
· For a PUCCH CG, At least the following enhancements to Periodic CSI reporting on PUCCH are specified in order to reduce periodic CSI report dropping probability

· Multiplexing of periodic CSI reports corresponding to multiple serving cells in a subframe 

· Multiplexing of periodic CSI reports corresponding to multiple serving cells with HARQ-ACK feedback in a subframe 

In this contribution, we provide link-level simulation results and observations on potential new PUCCH format candidates for supporting Rel-13 CA of up to 32 DL carriers. Based on the results and observations, we suggest main consideration points to design new PUCCH format and HARQ-ACK PUCCH transmission for supporting Rel-13 CA. 
2. Candidates for new PUCCH format 
In the last meeting, there was discussion on potential candidates for new PUCCH format to support Rel-13 CA with large number of DL cells suggested by many company. Among those, we focus on only two formats: one is multi-PRB PUCCH format with PUCCH format 3 OCC, and the other is PUSCH-like PUCCH format without OCC. All the link-level simulation assumes that 8-bit CRC is adopted. 
2.1. Multi-PRB PUCCH format with OCC 
One of candidate for new PUCCH format can be considered as a PUCCH format consisting of multiple PRB pairs with the OCC/DMRS structure used in PUCCH format 3 as shown in Figure 1. For instance, if a single new PUCCH format occupies 2 PRB pairs instead of 1 PRB pair and has 2 DMRS symbols per slot by applying length-5 OCC, 96 coded bits can be mapped on 240 REs on PUCCH. 
When a new PUCCH format consists of multiple PRB pairs, some multiplexing methods can be considered in order to maximize the multiplexing gain between new PUCCH formats and/or legacy PUCCH formats (e.g. PUCCH format 3). For example, if the legacy PUCCH formats and the new PUCCH formats can be distinguished by applying the OCC in the DMRS region, the multiplexing capacity can be maximized. Or the cyclic shift for DMRS can be allocated exclusively in the region where the legacy PUCCH formats and/or the new PUCCH formats are multiplexed. DMRS sequence for new PUCCH format in Figure 1 can be given as a single long sequence over the occupied PRB pairs for low PAPR. Since this approach is based on PUCCH format 3, multiplexing capacity per PRB pair can be derived by ratio of the multiplexing capacity of PUCCH format 3 (e.g. 5) over the number of PRBs for PUCCH transmission. 
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Figure 1: Example of multi-PRB PUCCH format structure.

2.2. PUSCH-like PUCCH format without OCC
Another candidate for new PUCCH format can be considered as a PUCCH format consisting of single PRB pairs with one DMRS and no OCC per slot like PUSCH structure. This PUSCH-like PUCCH format can be regarded as the case that 6 OCCs with length-1 are used per slot while 1 OCC with length-5 is applied per slot in case of multi-PRB PUCCH format. 
For this reason, it may not be allowed to multiplex multiple UEs within the same PRB or PRB pairs. Instead, frequency diversity can be obtained by distributing the coded bits derived from a single TBCC into two slots located in different frequency position. This format can accommodate large HARQ-ACK payload size with single PRB, however PUCCH resource overhead can be considerably high if the HARQ-ACK payload size is small. To alleviate resource overhead problem, it is needed to investigate to share the same resources (e.g. PRB) between PUSCH-like PUCCH format transmissions from different UEs. As a simple example, it can be considered to reuse MU-MIMO operation as in legacy PUSCH transmission to multiplex multiple PUSCH-like PUCCH format resource within the same PRB. 
2.3. Numerical results for new PUCCH format 
In the simulations, we normalize transmit power considering the number of PRBs and/or PUCCH resources in a similar manner with TxD scheme for fair comparisons between candidates for new PUCCH format, and we measure and provide the required SINR to meet the HARQ-ACK performance target in Table A. The detailed simulation assumption is given in Table A (in Appendix A). 

Table 1 summarizes HARQ-ACK performance and multiplexing capacity of multi-PRB PUCCH format. According to Table 1, as the number of PRBs used for PUCCH transmission increases for a given UCI payload size, HARQ-ACK performance can be improved with expense of reduction on multiplexing capacity per PRB. Note that larger number of PRBs could have lower transmit power per RB compared to smaller number of PRBs, and from system perspective, interference level per PRB can be reduced in this case. In this point of view, it is necessary to carefully design how many PRBs are used depending on UCI (e.g. HARQ-ACK) payload size. 

Table 1: Performance results on multi-PRB PUCCH format.
	Number of PRBs
	2
	3
	4
	6
	8

	Required SINR for UCI = 32 bits
	1.6 dB
	1.2 dB
	
	-
	-

	Required SINR for UCI = 64 bits
	
	
	3.5 dB
	3.4 dB
	-

	Required SINR for UCI = 128 bits
	
	
	
	6.8 dB
	6.2 dB

	multiplexing capacity per PRB
	2.5
	1.67
	1.25
	0.83
	0.625


Table 2: Performance results on PUSCH-like PUCCH format.
	Multiplexing capacity
	1

	# DMRS symbol per slot
	1

	# PRB
	1

	Required SINR for UCI = 32 bits
	1.2 dB

	Required SINR for UCI = 64 bits
	3.2 dB

	Required SINR for UCI = 128 bits
	6.5 dB


Table 2 summarizes HARQ-ACK performance and multiplexing capacity of PUSCH-like PUCCH format. Comparing the simulation results in Table 1 and Table 2, PUSCH-like PUCCH format can be efficient in terms of HARQ-ACK performance and multiplexing capacity per PRB compared to multi-PRB PUCCH format when UCI size is large enough. However, if UCI size is small, it seems that multi-PRB PUCCH format is more attractive than PUSCH-like PUCCH format in the aspect of multiplexing capacity per PRB. 
Observation 1: PUSCH-like PUCCH format can outperforms over multi-PRB PUCCH format when UCI size is large enough. 
Observation 2: When UCI size is small, PUSCH-like PUCCH format is inefficient in terms of HARQ-ACK performance and multiplexing capacity per PRB. 
In our view, it cannot be assumed that UCI size is always large enough for Rel-13 UE applying enhanced CA, and most UE will be configured to have moderate (or small) UCI size. Furthermore, with consideration of multiplexing capacity and coexistence with legacy PUCCH format, multi-PRB PUCCH format is preferable for HARQ-ACK feedback beyond 5 carriers. Furthermore, multi-PRB PUCCH format would be more flexible and scalable than PUSCH-like PUCCH format in terms of multiplexing capacity and HARQ-ACK performance by adjusting the number of PRB for PUCCH transmission with consideration of UCI size of UE and/or status of system resource. For example, when it is required to improve HARQ-ACK performance, the number of PRBs used for a PUCCH format can simply be increased.  
Proposal 1: Multi-PRB PUCCH format seems to be reasonable candidate for new PUCCH format in terms of multiplexing capacity, coexistence with legacy PUCCH format, and simplicity. 

3. TBCC output to PUCCH RE mapping 
In the last meeting, it was agreed that Rel-8 TBCC and rate matching is used for more than 22 HARQ-ACK/SR bits in a subframe in a CG on PUCCH or PUSCH. In this case, if it is needed to reduce the number of coded symbols considering new PUCCH format (e.g. multi-PRB format or PUSCH-like format) to fit the payload size supportable by the PUCCH format, the third output stream of TBCC can be rate-matched first as shown in Figure 2.  
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Figure 2: Rate-matching for TBCC coded symbol to new PUCCH format.

After rate-matching, the RE mapping method for the coded symbols can be summarized as follows: 

· Option 1: Rate-matched TBCC coded symbols are mapped to PUCCH RE in increasing order of frequency index first, then SC-FDMA symbol index (i.e. frequency-first mapping). 

· Option 2: TBCC coded symbols are interleaved first to distribute each output stream to both slot. Next, the interleaved TBCC coded symbols are mapped to PUCCH RE in increasing order of frequency index first, then SC-FDMA symbol index. (i.e. interleaving-based mapping)
· Option 3: Rate-matched TBCC coded symbols are mapped to PUCCH RE in increasing order of SC-FDMA symbol index first, then frequency index (i.e. time-first mapping). This option is applicable only for the PUSCH-like PUCCH format. 
First of all, Option 1 and Option 2 can be seen to follow the RE mapping rule used for legacy PUCCH format 3 in case with single RM coding (when UCI size is less than 12 bits) and in case with dual RM coding (when UCI size is larger than 11 bits), respectively. On the other hand, Option 3 is the RE mapping rule used for UL-SCH (and CSI) mapping on PUSCH. According to our numerical results in Figure A.1 (in Appendix A), it is observed that difference of HARQ-ACK performance between these three options is marginal or negligible. In that point of view, we simply propose to use suitable RE mapping method depending on the structure of new PUCCH format, i.e., Option 1 for multi-PRB format, Option 3 for PUSCH-like format. 
Proposal 2: Use Option 1 in case of multi-PRB PUCCH format or use Option 3 in case of PUSCH-like PUCCH format for TBCC output to PUCCH RE mapping. 
4. UCI PUCCH transmission with CRC 
CRC can be effective to decrease NACK-to-ACK error probability while ACK-to-NACK error probability increases. In addition, since attachment of CRC can increase total payload size of PUCCH, more error can occurs compared to no CRC case. In that point of view, it is important to decide CRC length considering UCI size and coding rate including CRC, and PUCCH performance/overhead. If the length of CRC is too long, it may cause more retransmissions due to the increased ACK-to-NACK error probability, and this inefficiency may get worse when UCI size is small. In that point of view, we propose not to increase the length of CRC to be more than 8 bits. 
Proposal 3: It is considered that the length of CRC for HARQ-ACK/SR does not exceed 8 bits.
In addition, if UE transmits less than or equal to 22 HARQ-ACK/SR bits in a subfrmae in a CG, it can be burden to attach CRC especially when PUCCH payload size is not much large. At least when HARQ-ACK/SR bits less than or equal to 22 bits are transmitted on PUCCH format 3, it can be considered not to use CRC on PUCCH. Otherwise, it is necessary to investigate the necessity of CRC attachment for small number of HARQ-ACK/SR bits on PUSCH or new PUCCH format. 
Proposal 4: At least for HARQ-ACK/SR transmission on PUCCH format 3, it is considered not to use CRC for the HARQ-ACK/SR size less than or equal to 22 bits. 
Furthermore, it is needed to decide how to generate and transmit CRC for simultaneous transmission of multiple UCIs, e.g. both HARQ-ACK/SR and periodic CSI on PUCCH. Regarding Rel-11 principle for simultaneous transmission of multiple UCIs, periodic CSI feedback bits are considered as similar priority with HARQ-ACK bits in the aspects of UCI encoding and power control. In that sense, same principle can be simply reused for CRC generation. Specifically, at least when overall UCI size including HARQ-ACK/SR and periodic CSI is larger than 22 bits, CRC can be generated after multiplexing HARQ-ACK/SR bits and periodic CSI bits. Otherwise, if overall UCI size is less than or equal to 22 bits, same principle can be applied with HARQ-ACK/SR only case. 
Proposal 5: It is considered to apply CRC attachment for simultaneous transmission of multiple UCIs on PUCCH including both HARQ-ACK/SR and periodic CSI. 
5. Conclusion

This contribution provided possible observations and consideration points on new PUCCH format for supporting UCI transmission in Rel-13 CA. The followings are our observations and proposals: 
Observation 1: PUSCH-like PUCCH format can outperforms over multi-PRB PUCCH format when UCI size is large enough. 
Observation 2: When UCI size is small, PUSCH-like PUCCH format is inefficient in terms of HARQ-ACK performance and multiplexing capacity per PRB. 
Proposal 1: Multi-PRB PUCCH format seems to be reasonable candidate for new PUCCH format in terms of multiplexing capacity, coexistence with legacy PUCCH format, and simplicity. 

Proposal 2: Use Option 1 in case of multi-PRB PUCCH format or use Option 3 in case of PUSCH-like PUCCH format for TBCC ouput to PUCCH RE mapping. 
Proposal 3: It is considered that the length of CRC for HARQ-ACK/SR does not exceed 8 bits.
Proposal 4: At least for HARQ-ACK/SR transmission on PUCCH format 3, it is considered not to use CRC for the HARQ-ACK/SR size less than or equal to 22 bits. 
Proposal 5: It is considered to apply CRC attachment for PUCCH transmission with multiple UCIs including both HARQ-ACK/SR and periodic CSI. 
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Appendix A
The detailed link-level simulation assumptions are provided in Table A. 
Table A: Link-level simulation assumptions
	Parameters
	Assumptions

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Channel model
	ETU

	UE speed
	3 km/h

	Frequency hopping
	At slot boundary

	Antenna set up
	1Tx-2Rx

	Channel estimation
	Practical

	CP type
	Normal CP

	Noise estimation
	Ideal

	Number of PRBs for multi-RB PUCCH format
	1, 2, 3, 4, 6, 8

	Number of resources for multi-PUCCH transmission
	1, 2, 3

	Number of HARQ-ACK bit
	32, 64, 128

	CRC length
	8, 16
(If CRC fails, all HARQ-ACK bits are set to NACK.)

	Channel coding
	TBCC with mother code rate  = 1/3

	Performance target
	PUCCH DTX error probability [image: image4.png]=1072



,
ACK-to-NACK error probability [image: image6.png]=1072
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NACK-to-ACK error probability [image: image8.png]1073
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Figure A.1: Error rate of new PUCCH format according to PUCCH RE mapping:
(a) Multi-PRB PUCCH format, (b) PUSCH-like PUCCH format.
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Figure A.2: Error rates of multi-PRB PUCCH format: 
(a) UCI size = 32 bits, (b) UCI size = 64 bits, (c) UCI size = 128 bits.
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Figure A.3: Error rates of PUSCH-like PUCCH format: 
(a) UCI size = 32 bits, (b) UCI size = 64 bits, (c) UCI size = 128 bits.

