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Introduction
After RAN1#80, the following enhancements on UL control signaling for supporting up to 32 component carriers were discussed in email discussion [80-03]:
· At least the following enhancements to UL HARQ-ACK feedback signaling need to be considered/specified in order to support the increase in UL control information:
· Restricting increase of HARQ-ACK payload. Details FFS including
· HARQ-ACK bundling in spatial, time, and/or frequency domain
· Reducing the number of HARQ-ACK feedback bits associated with non-scheduled serving cells / subframes.
In RAN1#82, enhancements on UL control signaling were discussed with the following agreements:
Agreements:
· HARQ-ACK codebook size is dynamically determined
· To ensure same understanding between eNB and UE regarding the HARQ-ACK codebook (including HARQ-ACK order and size)
· FFS, eNB transmits signaling in DL assignment: 
· FFS: Detailed signaling, e.g., 
· Counter DAI only
· FFS: Whether DAI can be not consecutive
· A Counter DAI and a Total DAI
· Combined DAI carrying either Counter or Total, based on the order of scheduling
· HARQ-ACK codebook indicator to indicate the possible carriers
· Note: Other alternatives are not precluded
· FFS: Additional UL signaling to indicate HARQ ACK codebook size
· FFS: PUCCH format adaptation
Agreements:
· In the case of TDD PUCCH cell, the maximum number of HARQ-ACK bits in UL by one UE in one subframe for DL CA of up to 32CCs is selected from
· 128, 256, 319, 638
Observation:
· Discuss further whether to determine a maximum PUCCH payload (bits) or number of PRBs for PUCCH
· Take also p-CSI bits into consideration
In this contribution, we show our views on the codebook design for new PUCCH format.
Discussion
1.1 Maximum number of HARQ-ACK bits
The maximum numbers of HARQ-ACK bits in the UL PUCCH subframe ranges from 32 to 638 for different TDD configurations for carrier aggregation up to 32 CCs as shown in Table 1. The maximum number of HARQ-ACK bits for Rel-13 CA is designed to target the general TDD configuration and deployment scenario with low system load. HARQ-ACK spatial bundling will be used for extreme scenario, which HARQ-ACK bits are more than the maximum number of HARQ-ACK bits supported in Rel-13.  
Our analysis shows that 256 bits HARQ-ACK can cover most of the cases as shown in Table 1 except for TDD UL-DL configuration 5. The maximum number of HARQ-ACK bits should be set at 256 with spatial bundling as the complement for the total number of HARQ-ACK bits larger than 256. Hence, we have the following proposals:
Proposal 1: The maximum number of HARQ-ACK bits by one UE in one subframe for DL CA of up to 32CCs is set to 256.
Proposal 2: At least spatial bundling is used when the number of HARQ-ACK bits is larger than 256 bits.
Table 1: The maximum number of HARQ-ACK bits for up to 32 CCs with TDD as PCell
	TDD PCell UL-DL configuration
	TDD CA with same UL-DL configuration
	TDD CA with different TDD configurations
	TDD-FDD CA

	
	With spatial bundling
	Without spatial bundling
	With spatial bundling*
	Without spatial bundling*
	With spatial bundling
	Without spatial bundling

	0
	32
	64
	125/280
	250/560
	63
	126

	1
	64
	128
	126/281
	252/562
	94
	188

	2
	128
	256
	252/283
	504/566
	159
	318

	3
	96
	192
	251/282
	502/564
	189
	378

	4
	128
	256
	252/283
	504/566
	190
	380

	5
	288
	576
	257/288
	514/576
	319
	638

	6
	32
	64
	125/280
	250/560
	94
	188


*(x/y): y is the maximum number of HARQ-ACK bits when TDD UL-DL configuration 5 is used by SCells; otherwise, the maximum number is x.
1.2 Dynamic HARQ-ACK codebook size
The principle of Rel-10 TDD HARQ-ACK arrangement for PUCCH format 3 with dual RM coding can be reused to reduce the redundant HARQ-ACK bits for Rel-13. Generally, two kinds of DAIs are needed:
· Total number of downlink assignments: It is used to indicate the HARQ-ACK codebook size.
· Downlink assignment counter: It is used to arrange the HARQ-ACK bits corresponding to the scheduled carriers/subframes.
The following DAI design is proposed to reduce the redundant HARQ-ACK bits: 
· For FDD, 2-bit downlink assignment counter and 2-bit total number of downlink assignments fields are added in each DL grant.
· For TDD, 2-bit total number of downlink assignments (TDA) field is added in each DL grant and existing 2-bit DAI in DL grant is reused for downlink assignment counter.
In the proposal, 4 HARQ-ACK codebook sizes are pre-configured by high-layer signaling and each of the HARQ-ACK codebook sizes is indicated by 2-bit total number of downlink assignments in DL grant. The indication of total number of HARQ-ACK bits should be no less than the sum of the HARQ-ACK bits corresponding to all scheduled carriers/subframes. Downlink assignments can be circularly counted in frequency-domain firstly then in time-domain, as shown in Figure 1. 


Figure 1: HARQ-ACK sequence
The UE determines the HARQ-ACK codebook size based on 2-bit total number of downlink assignments in DL grant, and arranges the HARQ-ACK bits into feedback sequence based on the 2-bit downlink assignment counter in the DL grant. When the total number of HARQ-ACK bits indicated in DAI is larger than the sum of the HARQ-ACK bits corresponding to all scheduled carriers/subframes, padding bits are added at the end of HARQ-ACK sequence.
For this approach, the ambiguity of the HARQ-ACK codebook will only exists when 4 continuous DL grants are missed, which can be considered as a rare case. The main advantage of above approach is that the additional DCI overhead for reducing redundant HARQ-ACK bits is low. To support robust HARQ-ACK codebook design, more bits of DAI field can be introduced in the DL grant to indicate more scheduling information.  Additional information of DL receiving state can be incorporated in the HARQ-ACK sequence to ensure the same understanding of both the order and total bits of HARQ-ACK between the UE and the eNB.
1.3 HARQ-ACK bundling
In Rel-10/11 CA, spatial HARQ-ACK bundling is used by both PUCCH format 1b with channel selection and PUCCH format 3. However, time-domain HARQ-ACK bundling is only used by PUCCH format 1b with channel selection. To support carrier aggregated more than 5 CCs, the time domain HARQ-ACK bundling for PUCCH format 3 and new PUCCH format can be considered. The target design for TDD HARQ-ACK bundling is  the same as that for FDD system, i.e. one bundled HARQ-ACK bit per CC. 
To support time domain bundling, the design should consider effectively reducing the number of transmitted HARQ-ACK bits without the ambiguity of last downlink assignment missing in bundling windows.  
To achieve one bundled HARQ-ACK bit per CC, a new field (1 bit) can be added into each DL grant to indicate whether current DL grant is the last one in the bundling window. The last downlink grant indicator (LDI) is only included in downlink grant transmitted in USS in order not to increase the number of UE PDCCH blind decoding. All HARQ-ACK bits in bundling window on one CC are bundled into one bit. The downlink assignment missing is determined based on DL DAI and LDI, as shown in Figure 2.
Proposal 3: More effective time-domain bundling should be supported for TDD. The compression target is one HARQ-ACK feedback bit per DL CC.


Figure 2: Enhanced time-domain HARQ-ACK bundling for TDD
1.4 Maximum PUCCH payload for single-PRB PUCCH transmission
New PUCCH format shall be used to support HARQ-ACK and/or periodic CSI feedback [3]. In Rel-8, the performance requirement of periodic CSI transmitted on PUCCH is 1% BLER. The required SNR of new PUCCH format with CRC to meet the HARQ-ACK performance requirements (i.e. 1% ACK missing and 0.1% NAK-to-ACK) can be determined according to the required SNR of 1% ACK-to-NAK error which is approximate to 1% BLER [4]. Therefore, the maximum PUCCH payload determined based on HARQ-ACK performance requirement can also be used for periodic CSI or multiplexing of periodic CSI and HARQ-ACK.
Observation 1: The maximum PUCCH payload determined according to HARQ-ACK performance requirement can also be used for periodic CSI or multiplexing of periodic CSI and HARQ-ACK.
Table 2 shows the average ACK-to-NACK error probabilities based on the UL SINR CDF and link level performance curves in [5]. The following observation can be made from Table 2:
· In both case 1 and case 2 and all the simulated channel environments, enhanced power UEs in both macro and small cells can support up to 144-bit HARQ-ACK feedback information, and the ratio of enhanced power UEs is about 18.98%~44.64% depending on the scenarios.
· In case 2, enhanced power UEs in both macro and small cells can support up to 160-bit HARQ-ACK feedback information. 
· In case 2, enhanced power UEs in small cells can support up to 176-bit HARQ-ACK, if only low speed scenario for small cells is to be considered. 
Based on the above observations, we having following observation:
Observation 2: The maximum PUCCH payload for single-PRB PUCCH transmission can be up to 160 or 176 bits, depending on the scenarios. 
Table 2: Average ACK-to-NACK error probabilities for single-PRB PUCCH transmission
	Scenarios
	UE classes
	Channel
environment
	PUCCH payload size

	
	
	
	128
	144
	160
	176

	Case 1: all UEs belonging to Macro layer
	Enhanced power MUE (18.98%)
	EPA 3km/h
	0.0036
	0.0046
	0.0073
	0.0103

	
	
	ETU 3km/h
	0.0061
	0.0092
	0.0141
	0.0230 

	
	
	ETU 120km/h
	0.0070
	0.0106
	0.0173
	0.0274 

	
	Non-enhanced power MUE (81.02%)
	EPA 3km/h
	0.1535
	0.1766
	0.2306 
	0.2803 

	
	
	ETU 3km/h
	0.1923
	0.2381
	0.2866 
	0.3553 

	
	
	ETU 120km/h
	0.2020
	0.2496
	0.3056 
	0.3621 

	Case 2: UE belonging to Macro layer or Scell layer
	Enhanced power MUE (44.64%)
	EPA 3km/h
	0.0002
	0.0003
	0.0009
	0.0019

	
	
	ETU 3km/h
	0.0012
	0.0024
	0.0055
	0.0113

	
	
	ETU 120km/h
	0.0017
	0.0034
	0.0075
	0.0154

	
	Non-enhanced power MUE (55.36%)
	EPA 3km/h
	0.0610
	0.0742
	0.1042 
	0.1425 

	
	
	ETU 3km/h
	0.0856
	0.1159
	0.1507 
	0.2048 

	
	
	ETU 120km/h
	0.0918
	0.1244
	0.1662 
	0.2144 

	
	Enhanced power LUE (37.75%)
	EPA 3km/h
	6.65E-05
	1.38E-04
	5.35E-04
	1.25E-03

	
	
	ETU 3km/h
	0.0010
	0.0021
	0.0047
	0.0102

	
	
	ETU 120km/h
	0.0014
	0.0029
	0.0067
	0.0142

	
	Non-enhanced power LUE (62.25%)
	EPA 3km/h
	0.0546
	0.0689
	0.1064 
	0.1466 

	
	
	ETU 3km/h
	0.0816
	0.1152
	0.1550 
	0.2139 

	
	
	ETU 120km/h
	0.0884
	0.1245
	0.1718 
	0.2243 


[bookmark: _GoBack]On the other hand, since Rel-8 TBCC and rate match are used by new PUCCH format, all the payloads which are less than 280 bits can be supported by new PUCCH format with QPSK modulation for the PUSCH-liked structure as proposed in [6] (i.e. 288 coded bits, and 8-bit CRC) in theory. Since there is a wide range of the number of HARQ-ACK bits as shown in Table 1, and the range of the number of UCI bits will be further extended if multiplexing of multi-CC periodic CSI reports with/without HARQ-ACK is supported, it is beneficial in terms of UCI transmission efficiency, if the maximum PUCCH payload size can be UE specifically configured by the eNB, according to the UE UL SINR, the number of configured CCs, the TDD UL-DL configurations, etc.
Proposal 4: The maximum number of PUCCH payload for single-PRB PUCCH transmission should be UE specifically configured, and can be up to 176 bits, depending on the scenarios.
Conclusions
In this contribution, we discuss the codebook design for new PUCCH format to support up to 32 DL CCs with the following observations and proposals:
Observation 1: The maximum PUCCH payload determined according to HARQ-ACK performance requirement can also be used for periodic CSI or multiplexing of periodic CSI and HARQ-ACK.
Observation 2: The maximum PUCCH payload for single-PRB PUCCH transmission should be larger than 128 bits, which can be up to 176 bits, depending on the scenarios. 

Proposal 1: The maximum number of HARQ-ACK bits in UL by one UE in one subframe for DL CA of up to 32CCs is set to 256.
Proposal 2: At least spatial bundling is used when the number of HARQ-ACK bits is larger than 256 bits.
Proposal 3: More effective time-domain bundling should be supported for TDD. The compression target is one HARQ-ACK feedback bit per DL CC.
Proposal 4: The maximum number of PUCCH payload for single-PRB PUCCH transmission should be UE specifically configured, and can be up to 176 bits, depending on the scenarios.
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