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1. Introduction
In RAN1 #62 meeting, the Rel-10 feedback issues related to the PUCCH reporting modes have been discussed and three PUCCH reporting extensions have been introduced in Rel-10 as follows:
· PUCCH mode 1-1-A (CSI mode 1)

· PUCCH mode 1-1-B (CSI mode 2)

· PUCCH mode 2-1

Although details of the PUCCH reporting modes have been agreed, there seems to be still remaining details of the reporting bitwidth optimization with codebook sub-sampling for each mode to keep the PUCCH feedback coverage as in Rel-8. Therefore, to finalize the Rel-10 feedback issues, we discuss on the remaining details of agreed PUCCH reporting modes.

2. PUCCH Reporting Mode 1-1
The agreed reporting types of the PUCCH reporting modes are defined as follows [1]:

· CSI mode 1 (PUCCH mode 1-1-A)
· Report-1: RI and W1, joint encoded

· Report-2: wideband CQI and wideband W2

· CSI mode 2 (PUCCH mode 1-1-B)
· Report-3:  RI

· Report-4:  wideband CQI, wideband W1 and wideband W2

The table 1 shows the required signalling overhead to reports CSI information in each reporting type in PUCCH reporting modes.

Table 1. Required signalling overhead of reporting types in PUCCH Modes (PUCCH Mode 1-1)

	Rank
	CSI mode 1 (PUCCH mode 1-1-A)
	CSI mode 2 (PUCCH mode 1-1-B)

	
	Report-1
Joint encoded RI and W1
	Report-2
(W2+CQI)
	Report-3
RI
	Report-4
 (W1+W2+CQI)

	1
	6
	8 (4+4)
	3
	12 (4+4+4)

	2
	
	11 (4+[4+3])
	
	15 (4+4+[4+3])

	3
	
	11 (4+[4+3])
	
	13 (2+4+[4+3])

	4
	
	10 (3+[4+3])
	
	12 (2+3+[4+3])

	5
	
	7 (0+[4+3])
	
	9 (2+0+[4+3])

	6
	
	7 (0+[4+3])
	
	9 (2+0+[4+3])

	7
	
	7 (0+[4+3])
	
	9 (2+0+[4+3])

	8
	
	7 (0+[4+3])
	
	7 (0+0+[4+3])


As seen in the table, the Report-1 in PUCCH mode 1-1-A requires 6 bits which implies that the coverage of the RI transmission is significantly reduced as compared with that in Rel-8 due to the joint transmission with W1. This may result in significant performance degradation due to the misdetection of RI. Therefore, in order to increase the coverage of RI, the subsampling of W1 seems to be needed. On the other hand, strong protection of Report-2 seems to be not required considering that the Report-2 will be updated more frequently compared with Peport-1. Therefore, as far as the reported bitwidth doesn’t exceed 11bits, no subsampling of W2 seems to be needed. 
For the PUCCH mode 1-1-B, the RI coverage seems to be kept as in Rel-8 since no joint coding is used with other CSI information. However, the Report-4 exceeds 11bits in some ranks. Hence, the subsampling of codebook is needed in order to reuse PUCCH format 2 defined in Rel-8.

2.1. Subsampling for PUCCH reporting mode 1-1-A
The number of W1 candidates is different according to transmission rank (i.e. 16/16/4/4/4/4/4/1). For the Report-1 in which RI and W1 are jointly encoded, signaling overhead of 6bit (=ceiling(log2(53) ) is required. In order to extend RI coverage, signaling overhead can be reduced to 5 or 4bit with subsampling of W1 as shown in table 2. 
Table 2. Example of subsampling for PUCCH reporting mode 1-1-A
	Alternative
	W1

	Alt-1
	Rank-1 and 2
	8 elements for each rank: (0,   2,   4,   6,   8,   10,     12,     14)

	
	Rank-3 and 4
	4 elements for each rank: (0,1,2,3)

	
	Rank-5,6 and 7
	2 elements for each rank: (0,1)

	
	Rank-8
	1 element  : (0)

	
	Total number of element
	31 elements (5bit)

	Alt-2
	Rank-1 and 2
	4 elements for each rank: (0,         4,         8,             12)

	
	Rank-3 and 4
	2 elements for each rank: (0,   2)

	
	Rank-5,6,7 and 8
	1 elements for each rank: (0)

	
	Total number of element
	16 elements (4bit)


Since there are overlapped beams between beam groups (i.e., W1) in dual-stage codebook structure, all beams in the codebook can be kept although subsampling is used for W1 if odd numbered W1 is only moved out in the codebook as seen in the Alt-1 in the table 2. However, the performance can be still degraded as compared with full codebook since the W1 and W2 are reported in different subframe. If more beams are subsampled in the codebook as shown in the Alt-2, some beams in the full codebook cannot be used anymore, thus performance degradation is expected.

The table 3 shows the system level performance of the PUCCH mode 1-1-A according to the subsampling codebooks. As seen in the table, the Alt-1 shows marginal system performance degradation in both average spectral efficiency (SE) and cell edge SE. However, the Alt-2 shows a relatively significant performance loss for cell edge SE.
Table 3. System performance of PUCCH mode 1-1-A (8x2, SU-MIMO) 

	Feedback information

(W1+W2 for rank-1, 

W1+W2 for rank-2)
	Cross-polarized (4 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Reference (4+4, 4+4)
	1.63

(0.00%)
	0.0436

(0.00%)
	1.72

(0.00%)
	0.0730

(0.00%)

	Alt-1 (3+4, 3+4)
	1.59

(-2.00%)
	0.0436

(0.00%)
	1.71

(-1.00%)
	0.0730
(0.00%)

	Alt-2 (2+4, 2+4)
	1.59

(-2.00%)
	0.0404

(-7.00%)
	1.68

(-2.00%)
	0.0714

(-2.00%)


Observation: it is shown that 5bit subsampled codebook maintains the system performance while up to 7% loss was shown from 4bit subsampled codebook. Therefore, Alt-1 seems to be slightly preferred although its RI coverage is relatively smaller than Alt-2.
2.2. Subsampling for PUCCH reporting mode 1-1-B
For the Report-4 in PUCCH reporting mode 1-1-B, the W1 and W2 are reported in the same subframe. Thus, the subsampling seems to be needed in order to keep the reporting bitwidth equal to or smaller than 11bits.

It is observed that 1 bit subsampling of W1 can keep all beams in the codebook so that the performance degradation can be minimized. However, if more than 1 bit is subsampled for W1 significant performance loss was shown since beam groups for a specific direction is moved in the codebook. Therefore, it would be beneficial to subsample 1 bit for W1 in rank 1~4 and more bits can be reduced from subsampling of W2. The table 2 shows examples of subsampling for PUCCH reporting mode 1-1-B.

Table 4. Examples of subsampling for PUCCH reporting mode 1-1-B
	Alternative
	W1
	W2

	Alt-1
	Rank-1
	3bit : (0,   2,   4,   6,   8,   10,     12,     14)
	4bit : (0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15)

	
	Rank-2
	3bit : (0,   2,   4,   6,   8,   10,     12,     14)
	1bit : (0,1)

	
	Rank-3
	1bit : (0,   2)
	3bit : (0,  2,   4,    6,   8,   10,     12,    14)

	
	Rank-4
	1bit : (0,  2)
	3bit : (0,1,2,3,4,5,6,7)

	
	Rank-5 ~ 7
	2 bit
	0 bit

	
	Rank-8
	0 bit
	0 bit

	Alt-2
	Rank-1
	3bit : (0,   2,   4,   6,   8,   10,     12,     14)
	2bit : (0,1,2,3)

	
	Rank-2
	3bit : (0,   2,   4,   6,   8,   10,     12,     14)
	1bit : (0,1)

	
	Rank-3
	1bit : (0,  2)
	3bit : (0,  2,   4,    6,   8,   10,     12,    14)

	
	Rank-4
	1bit : (0,  2)
	3bit : (0,1,2,3,4,5,6,7)

	
	Rank-5 ~ 7
	2 bit
	0 bit

	
	Rank-8
	0 bit
	0 bit


In the table 4, only 1 bit is reduced for W1 in rank-1~4 in order not to lose a specific beam group in all alternatives and W2 is subsampled according to the required bit-width.
The performance of the alternatives is shown in the table 4. As seen in the table 5, the performance loss is relatively higher in co-polarized antenna setup than in cross-polarized antenna setup since some beam steering vectors in 8Tx were moved out from W2 subsampling. On the other hand, marginal performance loss is shown in the cross-polarized antenna setup.
Table 5. System performance of PUCCH mode 1-1-B (8x2, SU-MIMO) 
	Feedback information

(W1+W2 for rank-1, 

W1+W2 for rank-2)
	Cross-polarized (4 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Reference (4+4, 4+4)
	1.63

(0.00%)
	0.0416

(0.00%)
	1.72

(0.00%)
	0.0736

(0.00%)

	Alt-1 (3+4, 3+1)
	1.60

(-2.00%)
	0.0416
(0.00%)
	1.68

(-2.00%)
	0.0708

(-4.00%)

	Alt-2 (3+2, 3+1)
	1.58

(-3.00%)
	0.0416
(0.00%)
	1.66

(-3.00%)
	0.0698

(-5.00%)


Observation: the performance loss from subsampled codebook seems to be tolerable if 3bit subsampled W1 is used. Therefore, Alt-1 seems to be proper choice for the PUCCH mode 1-1-B.
3. PUCCH Reporting Mode 2-1

In the PUCCH reporting mode 2-1, four different reporting types should be fed back. The reporting types are changed according to the PTI selection as shown in the table 6. The UE selected subband with L-bit indicator is assumed in the table.
Table 6. Required signalling overhead of reporting types in PUCCH Mode 2-1
	Rank
	PUCCH Mode 2-1 (PTI=0)
	PUCCH Mode 2-1 (PTI=1)

	
	Report-5
(RI+PTI)
	Report-6
W1
	Report-7
 (wb-W2+wb-CQI)
	Type-5
(RI+PTI)
	Report-7
(wb-W2+wb-CQI)
	Report-8
 (sb-W2 +sb-CQI +L-bit)

	1
	4 (3+1)
	4
	8 (4+4)
	4 (3+1)
	8 (4+4)
	10 (4+4+2)

	2
	
	4
	11 (4+[4+3])
	
	11 (4+[4+3])
	13 (4+[4+3]+2)

	3
	
	2
	11 (4+[4+3])
	
	11 (4+[4+3])
	13 (4+[4+3]+2)

	4
	
	2
	10 (3+[4+3])
	
	10 (3+[4+3])
	12 (3+[4+3]+2)

	5
	
	2
	7 (0+[4+3])
	
	7 (0+[4+3])
	9 (0+[4+3]+2)

	6
	
	2
	7 (0+[4+3])
	
	7 (0+[4+3])
	9 (0+[4+3]+2)

	7
	
	2
	7 (0+[4+3])
	
	7 (0+[4+3])
	9 (0+[4+3]+2)

	8
	
	2
	7 (0+[4+3])
	
	7 (0+[4+3])
	9 (0+[4+3]+2)


Since it exceeds 11bits in rank-2, 3, and 4 cases, the singnalling overhead should be reduced in order to reuse Rel-8 PUCCH format 2. Two options can be considered for signalling overhead reduction for the Report-8 as follows:
· Option 1: newly define predefined cycling without L-bit selected band indicator
· Option 2: reuse L-bit selected band indicator with W2 subsampling
In the Option 1, removing L-bit selected band indicator by predefining subband cycling is proposed so that sb-CQI and sb-W2 can be reported with PUCCH format 2. However, this may result in increasing CQI reporting period for each subband so that the predefined subband cycling can be more sensitive to the time-selective channel. Furthermore, since the wb-CQI and wb-W2 should be reported between a cycle of bandwidth part reporting duration, CQI reporting period for each subband is even more significantly increased, which may result in performance loss as well. 
In the Option 2, sb-CQI and sb-W2 are reported with L-bit selected band indicator so that required number of reporting bit exceeds 11bit in some ranks. This leads to subsampling of W2 in order to reused PUCCH format 2. The table 7 shows an example of subsampling for W2.

Table 7. An example of subsampling for PUCCH reporting mode 2-1 

	Alternative
	W2

	Rank-1
	2bit : (0,1,2,3)

	Rank-2
	2bit : (0,1,8,9)

	Rank-3
	2bit : (0,2,8,10)

	Rank-4
	2bit : (0,1,4,5)

	Rank-5 ~ 8
	0 bit


The system performance of two options is shown in the table 8. For the evaluation, 5ms is assumed for sb-CQI and sb-W2 reporting and the wb-W1 is updated in every 45ms. In addition, 2bit subsampled W2 is used for the option 2.

 Table 8. System performance of PUCCH mode 2-1 (8x2, MU-MIMO/ max. 2 UE) 
	Feedback information

(W1+W2 for rank-1)
	Cross-polarized (4 λ)

Antenna
	Co-polarized (0.5 λ)
Antenna

	
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)
	Average SE (bps/Hz)
	Cell Edge SE (bps/Hz)

	Option-1:

Predefined cycling (4+4)
	1.63
(0.00%)
	0.0472
(0.00%)
	2.24
(0.00%)
	0.0892
(0.00%)

	Option-2: 
UE band selection with W2 subsampling (4+2)
	1.70
(4.00%)
	0.0480
(1.00%)
	2.30
(3.00%)
	0.0896
(0.00%)


As shown in the table 8, the option 1 shows 3~4% system performance loss in terms of average SE since the wb-CQI/wb-W2 reporting duty cycle becomes longer than that in option 2 in order to report CSI for all subbands as shown in the figure 1. 
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Figure 1. Example of reporting duration for predefined cycling in 5MHz system bandwidth case
Observation: the option 2 shows a noticeable performance gain as compared with the option 1. Therefore, UE band selection with W2 subsampling seems to be proper choice from the performance viewpoints. Since the UE band selection functionality is used in Rel-8 already, the option 2 may requires less UE implementation complexity as well.
4. Conclusions

In this contribution, we discussed on the remaining details of PUCCH reporting modes in Rel-10 in order to finalize the PUCCH feedback design. From the discussions and evaluation results, we can conclude as follows:
· Alt-1 in Table 3 can be considered as a subsampled codebook in PUCCH mode 1-1-A.

· Alt-1 in Table 5 can be considered as a subsampled codebook in PUCCH mode 1-1-B.

· Option 2 (L-bit UE selected subband with W2 subsampling) seems to be a proper choice for PUCCH mode 2-1.
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Appendix
Table 1. System level simulation assumptions

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Inter site distance
	200 m

	Average number of UEs per cell
	10

	Traffic model
	Full buffer

	UE speeds of interest
	3 km/h

	Bandwidth
	5 MHz

	Carrier frequency
	2.5 GHz

	Control OFDM symbols per RB pair
	3

	Max number of HARQ retransmissions
	5

	Channel model
	ITU Urban Micro

	BS antenna configuration
	Two closely spaced ±45° cross-poles with 0.5 λ separation

	
	ULA with 0.5 λ separation and vertical polarization

	UE antenna configuration
	2 Rx: cross-polarized 0°/90°, 0.5 λ separation

	Receiver 
	MMSE with no inter-cell interference suppression

	Scheduler
	Proportional fair in time and frequency

	Channel estimation
	Perfect channel estimation

	Outer-loop link adaptation
	Yes

	Target BLER
	10%

	Number of RBs per subband
	4 RBs

	Number of Subband
	8

	Number of Bandwidth part
	2

	Frequency granularity for CQI reporting
	4 RBs

	Feedback delay
	5 ms

	Feedback codebook for 8Tx transmission
	LTE-A 8Tx codebook


Table 2. System level simulation assumptions for PUCCH mode 1-1 (CSI mode 1)
	RI reporting periodicity
	20 ms

	CQI reporting periodicity / frequency granularity
	5 ms / Wideband

	PMI reporting periodicity / frequency granularity
	W1
	20 ms / Wideband

	PMI reporting periodicity / frequency granularity
	  W2
	5 ms  / Wideband

	Transmission mode
	SU-MIMO (Rank adaptation – up to Rank-2)


Table 3. System level simulation assumptions for PUCCH mode 1-1 (CSI mode 2)
	RI reporting periodicity
	20 ms

	CQI reporting periodicity / frequency granularity
	5 ms / Wideband

	PMI reporting periodicity / frequency granularity
	W1
	5 ms / Wideband

	PMI reporting periodicity / frequency granularity
	  W2
	5 ms  / Wideband

	Transmission mode
	SU-MIMO (Rank adaptation – up to Rank-2)


Table 4. System level simulation assumptions for PUCCH mode 2-1
	RI reporting periodicity
	45 ms

	CQI reporting periodicity / frequency granularity
	5 ms / Wideband

	PMI reporting periodicity / frequency granularity
	W1
	45 ms / Wideband

	PMI reporting periodicity / frequency granularity
	  W2
	5 ms  / Subband

	Transmission mode
	MU-MIMO (Rank-1 per UE, Max 2-Layer pairing)

ZF beamforming

	Codebook subsampling
	For UE band selection, all codebook for W1 and subsampling for W2: 2bit (0,1,2,3)
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