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1 Introduction

In the RAN1#82bis meeting, the following agreements were reached on the new PUCCH format 4 for CA with configuration of up to 32 serving cells [1]. 

Agreements:
· The PUSCH-like new PUCCH format is designed as follows:

· No. of DMRS per slot is 1 for both CP cases.

· For normal CP cases, DMRS is located on #3 SC-FDMA symbol of each slot.
· For extended CP cases, DMRS is located on #2 SC-FDMA symbol of each slot.

· Same DMRS symbol(s) generation procedure is applied as in PUSCH.

· Cell-specific parameters Group-hopping-enabled,  n(1)DMRS, and Dss are common between DMRSs for PUSCH and PUSCH-like new PUCCH format.

· UE-specific parameters nRSID and Ncsh_DMRSID for DMRS on PUSCH-like new PUCCH format are independently configurable from those for DMRS on PUSCH.

· Inter-slot FH is applied as in legacy PUCCHs
· Shortened PUCCH format is supported
· The PUCCH resource without multiplexing is represented by the following factors.

· Starting PRB index (0-109)

· The number of PRBs (3 bits)

· For transmit power control of the PUSCH-like new PUCCH format,

· 10log10(MPUCCH_PRB) is included with MPUCCH_PRB being the no. of PRBs.

In this contribution, the remaining issues including coded bits-to-RE mapping and how to perform the shortened format for the PUCCH format 4 are provided. In addition, maximum number of HARQ-ACK bits with TDD PUCCH cell is evaluated with the PUCCH format 4 containing multiple PRBs per slot, and other points including support of high order modulation, codeword scrambling, CRC length and coding scheme are also discussed. 
2 Discussion
2.1 Coded bits-to-RE mapping for PUCCH format 4
Here PUSCH-like PUCCH format without CDM denoted as PUCCH format 4 (PF4). For the coded bits-to-RE mapping on the PUCCH format 4, simulation results are provided in Figure 1 and the simulation assumptions are listed in the Appendix. In the simulation, we evaluate a wide range of payload sizes (32, 64 and 128) using PUCCH format 4 to present a wide range of code rates. From Figure 1, we can see that for the high code rate case of 128 payload bits, almost the same performance is achieved for both frequency and time first RE mapping schemes. For the low and moderate code rate cases of 32 and 64 payload bits, the scheme for frequency first mapping has slight 0.2-0.3 dB gain to the time first mapping scheme. Therefore, the scheme of frequency first and then time should be the adopted, which also follows the rule in Rel-10 where for the legacy PUCCH format 3, the modulation symbols are first mapped to the frequency domain subcarriers, and then time domain OCC spreading is used. 
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Figure 1. Performance comparisons for code bits-to-RE mapping on the PUCCH format 4
Proposal 1: For the PUCCH format 4, the coded bits-to-RE mapping from frequency first and then time is adopted.  

2.2 Support for shortened PUCCH format 4
Shortened PUCCH format by not transmitting on the last SC-FDMA symbol occupying by SRS in a subframe was supported during Rel-8. By supporting this, a shortened time domain orthogonal cover code (OCC) is used to spread the HARQ-ACK modulation symbol in each subcarrier for PUCCH format 1a/1b/3. Since no OCC spreading is used for the PUCCH format 4, an alternative scheme should be used to support the shortened PUCCH format 4. 

As simulated and proposed in section 2.1, frequency first and then time manner is used for the coded bits-to-RE mapping. For this mapping scheme, two options can be considered to support the shortened PUCCH format 4, namely rate matching (i.e., the number of coded bits is calculated assuming the last SC-FDMA symbol is not available) or puncturing (i.e., the number of coded bits is calculated assuming the last SC-FDMA symbol is available). Considering the circular buffering scheme is used after coding to generate the coded bits, the two options for the mapping scheme of frequency first and then time manner are the same. 
2.3 Maximum number of HARQ-ACK bits with TDD PUCCH cell
Spatial bundling is currently used for TDD carrier aggregation from Rel-10 if the transmitted UCI payload size before spatial bundling is larger than 22 and it is expected to be non-controversial for Rel-13 as well. That limits the maximum number of HARQ-ACK bits to 319 [2]. Then, if the determined HARQ-ACK codebook size is larger than 319 bits, spatial bundling could be enabled. In addition, if a maximum payload bits is configured for the PUCCH format carrying the HARQ-ACK and periodic CSI(s), and if the determined HARQ-ACK codebook size plus the configured CSI bits are larger than the configured maximum payload bits, spatial bundling could also be enabled, which is similar as the case in Rel-11 if simultaneous transmission for HARQ-ACK and periodic CSI on PUCCH format 3 is configured. HARQ-ACK payloads in the order of 128 bits or more would require a PUCCH format spanning multiple PRBs which was already agreed as shown in the introduction section. Transmission of large number of HARQ-ACK bits would typically apply to non-power limited UEs for which the UE transmit power scales up with the number of allocated PRBs.  

Table 2 and 3 contain the minimum required SNR to meet the HARQ-ACK performance requirements using the assumptions in the Appendix for the PUSCH-like PUCCH format. Results for two types of power control are included; transmit power which scales with the number of allocated PRBs (per-PRB power) and transmit power which remains constant with the number of allocated PRBs (per-UE power). We also evaluate the case of 8 RX antennas which is already commercially deployed for TDD macro cells. This will allow transmitting a large number of HARQ-ACK bits with even better performance.

From these results, it can be concluded that the PUCCH format 4 could support 319 HARQ-ACK bits with multiple PRBs per slot. 

Table 2. Required SNR [dB] for PUSCH-like PUCCH for 1TX/2RX with 8-bit CRC, same per-PRB TX power.
	Number of RBs per slot


	Payload [bits]

	
	128
	256
	319

	1
	5.9 
	14.6 
	/

	2
	2.8 
	6.1 
	7.9 

	3
	1.2 
	4 
	5.2 

	4
	0.5
	3
	3.8


Table 3. Required SNR [dB] for PUSCH-like PUCCH with 3 PRBs/slot, utilizing a transmit power which is either the same as for 1 PRB/ slot (per-UE power) or 3 times larger than for 1 PRB/slot (per-PRB power).

	HARQ-ACK bits,  RX antennas
	Per-UE power
	Per-PRB power

	319, 2 RX
	10
	5.2

	319, 8 RX
	0.8
	-4


Proposal 2: The maximum number of HARQ-ACK bits for Rel-13 CA using a TDD PCell is 319, which can be supported by the PUCCH format 4 with multiple PRBs per slot. 
2.4 Higher order modulation

Higher order modulation, such as 16-QAM, allows for larger UCI payload, or alternatively a smaller PUCCH overhead for a given UCI payload. Typically, these advantages come at the expense of higher required SNR due to the smaller Euclidean distance for 16-QAM. However, despite this there are cases where the lower code rate resulting from using 16-QAM renders gains over using QPSK. Hence, 16-QAM should be considered for the new PUCCH format. The simulation result is shown in Table 4. While the code rate is not high, e.g., 128/288, the performance of 16-QAM is worse than that of QPSK. However, if the code rate is high, e.g., 256/288, the performance of 16-QAM is better than that of QPSK. The performance gain can also be transferred to overhead reduction. Assuming the current SNR is about 11 dB, then 2 PRBs per slot is required to carry 256 bits, but if using 16-QAM, one PRB per slot is enough. The gain for 16-QAM could also exist for other PUCCH formats. In addition, following the trend of 9.2 dB gain in table 3 for 8 receive antennas compared to 2 receive antenna, using 16-QAM with 1 RB per slot and 8 receive antennas for carrying 256 bits could work at a moderate SNR point of 1.9 dB. 
Table 4. Required SNR [dB] for PUSCH-like PUCCH format, utilizing QPSK and 16-QAM for different payload sizes, and per-UE power.

	HARQ-ACK bits,  RX antennas
	1 RB/slot

	
	QPSK
	16-QAM

	128, 2 RX
	5.9
	7.2

	256, 2 RX
	14.6
	11.1


Proposal 3: 16-QAM could be supported for the new PUCCH format. 
2.5 Codeword scrambling

PUCCH formats 2, 2a, 2b, 3 and the PUSCH apply scrambling of the codewords in order to mitigate inter-cell interference. The new PUCCH format should also benefit from codeword scrambling. The scrambling sequence generator for the PUSCH is initialized at the start of each subframe by [image: image3.png]Cimit = Man1 - 234 +q - 223 + [n. /2] - 2° + N
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 corresponds to the RNTI associated with the PUSCH transmission, [image: image7.png]


 is the codeword index, [image: image9.png]


 the slot index and [image: image11.png]


 the cell ID. However, the PUCCH formats use the initialization values [image: image13.png](Ing/2] +1) - (2NE" + 1)228 + ngyqy




 , where [image: image15.png]


 corresponds to the C-RNTI. This was motivated by that there was not sufficient inter-cell interference randomization from using the PUSCH initialization, especially for small payloads on control channels. The payloads for the new PUCCH format could be considerably larger and be similar to a PUSCH transmission. Therefore, the following two options could be discussed.  
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 with a fixed value of [image: image19.png]


 and where [image: image21.png]


 corresponds to the C-RNTI.

Option 2: Use [image: image23.png](Ing/2] +1) - (2NE" + 1)228 + ngyqy
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 corresponds to the C-RNTI.
2.6 CRC and coding scheme

It has been agreed that for a UE that transmits more than 22 HARQ-ACK/SR bits in a subframe in a CG on either PUCCH or PUSCH, 8-bit CRC is included in the HARQ-ACK transmission and Rel-8 TBCC and rate matching is used. Coding scheme and CRC addition is FFS for a UE that transmits less than 23 HARQ-ACK/SR bits in a subframe in a CG on either PUCCH or PUSCH. Whether the PUCCH format 4 should be used for less than 23 HARQ-ACK/SR bits is a separate discussion which we treat in [3]. However, if the PUCCH format 4  is going to be defined for less than 23 HARQ-ACK/SR bits, it is preferable to have a unified design in PUCCH, with the same coding scheme and CRC attachment, for all payloads and not divide the design into sub-formats. The Rel-8 TBCC and rate matching allows straightforward encoding for any payload and any number of allocated PRBs [4]. The CRC avoids usage of explicit DTX detection and allows using one receiver for this PUCCH format. The attachment of the CRC may not be critical for payloads below 23 bits since there will be at least 288 coded bits, i.e., a code rate well below 0.1 will be achieved even including the CRC.

Proposal 4: For any HARQ-ACK payload where the PUCCH format 4 is defined, Rel-8 TBCC and rate matching is applied and the 8-bit CRC is attached.
3 Conclusion

In this contribution, the remaining issues including coded bits-to-RE mapping and how to perform the shortened format for the PUCCH format 4 are provided. In addition, maximum number of HARQ-ACK bits with TDD PUCCH cell is evaluated with the PUCCH format 4 containing multiple PRBs per slot, and other points including support of high order modulation, codeword scrambling, CRC length and coding scheme are also discussed.  The following proposals are provided: 
Proposal 1: For the PUCCH format 4, the coded bits-to-RE mapping from frequency first and then time is adopted.  
Proposal 2: The maximum number of HARQ-ACK bits for Rel-13 CA using a TDD PCell is 319, which can be supported by the PUCCH format 4 with multiple PRBs per slot. 

Proposal 3: 16-QAM could be supported for the new PUCCH format. 

Proposal 4: For any HARQ-ACK payload where the PUCCH format 4 is defined, Rel-8 TBCC and rate matching is applied and the 8-bit CRC is attached.
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Appendix
Table A1. Simulation assumption

	Parameter
	Setting

	Carrier frequency
	2 GHz

	Carrier bandwidth
	10 MHz

	Channel model
	EPA, 3 km/h

	Antenna setup
	1Tx2Rx, 1Tx8Rx, antenna correlation = 0.5; 

	Channel coding
	TBCC

	Modulation
	QPSK

	DMRS structure
	PUSCH Type1: Same as PUSCH

PUSCH Type2: Same as PUCCH Format 3

	Channel estimation
	LS

	Number of PRBs in one slot
	PUSCH based format: 1(less than 128 payload), 2, 3

	Transmit power
	per-RB power

	Frequency hopping
	PUSCH Type 2: yes

PUSCH Type1: both yes and no

	CRC length
	8

	Payload size (not consider CRC)
	20, 32, 64, 128, 256, 319

	Performance metric
	With CRC: in case CRC check fail, all bits as “NACK”













































































