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1. Introduction

In RAN1 #62 meeting, the release-10 feedback issue was discussed regarding CSI reporting modes on PUSCH. As an outcome, a way forward proposal [1] related to aperiodic PUSCH reporting modes were agreed as follows:
· Natural extension of Rel.8 aperiodic PUSCH CQI modes are supported in Rel.10 (see table)

· FFS support of PUSCH mode 3-2 with subband PMI + subband CQI targeting feedback accuracy improvements for MU/SU in Rel.10.

· PUSCH reporting is self-contained where W1 and W2 are always reported in the same subframe.

· For 2/4Tx, W1 (identity matrix) is not reported. 
	CQI/PMI mode
	CQI
	W1
	W2

	1-2
	Wideband CQI for entire system BW
	Single W1: One for the entire system BW (wideband)
	Subband PMI W2

	2-2
	Wideband CQI for the entire system BW + “M-preferred” CQI (for UE-selected bands)
	
	Wideband PMI W2 + “M-preferred” PMI W2 (for UE-selected sub-bands)

	3-1
	Subband CQI
	
	Wideband PMI W2


· The possibility of reporting multiple CQI, and if possible PMI/RI, (for example one targeting SU-MIMO and the other targeting MU-MIMO) and the frequency granularity of the additional CQI (and if possible PMI/RI) is FFS.

· FFS whether Mode 2-2 is finally supported depending on agreement / details of Mode 3-2

· i.e. mode 2-2 and/or mode 3-2 may finally be supported.
As shown in the agreements, three types of aperiodic PUSCH reporting modes already defined in Rel-8 are naturally extended for Rel-10 dual codebook structure as well. 
There has been a discussion on introducing additional PUSCH reporting mode which can provide finer CSI information such as subband CQI and subband PMI (i.e., Mode 3-2) to improve feedback accuracy for both SU-MIMO and MU-MIMO. Since the number of reporting modes becomes larger if the mode 3-2 is newly employed in Rel-10, narrowing down one option between mode 2-2 and mode 3-2 is remained as open.
In this contribution, we further discuss on new PUSCH reporting mode and investigate the benefit of additional PUSCH reporting mode 3-2 from system level performance and feedback overhead perspective. 
______________________________________________________________________________

2. Introduction of PUSCH Reporting Mode 3-2 in Rel-10
        In [2]–[5], PUSCH reporting mode 3-2 with dual codebook precoding structure is defined with subband CQI and subband PMI as shown in the table 1. 
Table 1. Definition of CSI reporting mode 3-2 on PUSCH in Rel-10

	CQI/PMI mode
	CQI
	W1
	W2

	3-2
	Subband CQI
	Single W1: One for the entire system BW (wideband)
	Subband PMI W2


Since the PMI and CQI are reported in each subband, finer channel state information is available at eNB transmitter as compared with other PUSCH reporting modes defined in Rel-8. On the other hand, the feedback overhead becomes significant although it is reported through PUSCH. In 2Tx and 4Tx cases, the Rel-8 codebook will be reused by using identity matrix for W1 in predefined manner so that the precoding index of Rel-8 codebook is considered as W2 matrix which implies that the feedback performance of 2Tx and 4Tx will be the same with Rel-8. Considering that PUSCH reporting mode 3-2 is also proposed in Rel-8 time frame and ruled out after lengthy discussion. The introduction of mode 3-2 needs to be carefully studied in Rel-10.
There seems to be a trade-off between CSI feedback accuracy and feedback overhead for the PUSCH reporting modes as usual. Therefore, we investigated feedback overhead of the PUSCH reporting modes and relative system performance in the following sections.

______________________________________________________________________________
3. Feedback Overhead Comparison 
In this section, we compared the required feedback overhead according to the PUSCH reporting modes and system bandwidth based on the agreed codebook structure for 4Tx and 8Tx.

The table 2 shows the feedback overhead comparison when 4Tx antenna setup is used in eNB. As seen in the table, the Mode 3-2 requires larger feedback overhead as compared with the PUSCH reporting modes defined in Rel-8 and the difference between mode 2-2 and mode 3-2 seems to be much more significant as the system bandwidth becomes wider and the transmission rank gets higher.
Table 2. Required feedback overhead for CSI reporting mode in 4Tx
	
	Mode 1-2
	Mode 2-2
	Mode 3-1
	Mode 3-2

	Rank-1
	CQI:       4

PMI:    4 x N
	4 + 2 + L

4 x 2
	4 + 2 x N

4
	4 + 2 x N

4 x N

	
	32, 40, 56
(5, 10, 20MHz)
	23, 25, 27
	22, 26, 42
	46, 58, 82

	Rank-2 ~ 4
	4 x 2

4 x N
	(4 + 2) x 2 + L

4 x 2
	(4 + 2 x N) x 2

4
	(4 + 2 x N) x 2

4 x N

	
	36, 44, 60
	29, 31, 33
	40, 48, 64
	64, 80, 112


· N: The number of subbands
· L:  Required number of bits for selected band indication
The required feedback overhead for PUSCH reporting modes supporting frequency selective PMI is dramatically increased when system bandwidth becomes larger. For example, in case of rank-2~4, reporting mode 1-2 supporting frequency flat CQI and frequency selective PMI requires 36-bit for 5MHz bandwidth and 60-bits for 20MHz. Similarly, for reporting mode 3-2 supporting frequency selective CQI and PMI, 64-bits for 5MHz and 112-bits for 20MHz are required as far as there is no codebook sub-sampling is used. Note that once precoder subsample is used for mode 3-2 in order to reduce feedback overhead, the system performance will be degraded. If no sufficient performance gain is provided from mode 3-2 due to precoder sub-sampling, there is no strong motivation to introduce mode 3-2.

 On the other hand, mode 2-2 supporting UE selected subband CQI and two PMIs requires similar bit size even if system bandwidth is increasing, thus requiring 29-bits for 5MHz and 33-bits for 20MHz in case of rank-2~4. 
From PUSCH reporting definition in Rel-10, required feedback overhead for CSI reporting modes in 8Tx transmission can be calculated based on dual-codebook structure and CQI [1]. 
Table 3. Required feedback overhead for CSI reporting mode in 8Tx
	
	Mode 1-2
	Mode 2-2
	Mode 3-1
	Mode 3-2

	Rank-1
	CQI:       4

PMI:    4 + 4 x N
	4 + 2 + L

4 + 4 x 2
	4 + 2 x N

4 + 4
	4 + 2 x N

4 + 4 x N

	
	36, 44, 60
(5, 10, 20MHz)
	27, 29, 31
	26, 30, 38
	50, 62, 86

	Rank-2
	4 x 2

4 + 4 x N
	(4 + 2) x 2 + L

4 + 4 x 2
	(4 + 2 x N) x 2

4 + 4
	(4 + 2 x N) x 2

4 + 4 x N

	
	40, 48, 64
	33, 35, 37
	44, 52, 68
	68, 84, 116

	Rank-3
	4 x 2

2 + 4 x N
	(4 + 2) x 2 + L

2 + 4 x 2
	(4 + 2 x N) x 2

2 + 4
	(4 + 2 x N) x 2

2 + 4 x N

	
	38, 46, 62
	31, 33, 35
	42, 50, 66
	66, 82, 114

	Rank-4
	4 x 2

2 + 3 x N
	(4 + 2) x 2 + L

2 + 3 x 2
	(4 + 2 x N) x 2

2 + 3
	(4 + 2 x N) x 2

2 + 3 x N

	
	31, 37, 49
	29, 31, 33
	41, 49, 65
	59, 73, 101

	Rank-5
	4 x 2

2
	(4 + 2) x 2 + L

2
	(4 + 2 x N) x 2

2
	(4 + 2 x N) x 2

2

	
	10, 10, 10
	23, 25, 27
	38, 46, 62
	38, 46, 62

	Rank-6
	4 x 2

2
	(4 + 2) x 2 + L

2
	(4 + 2 x N) x 2

2
	(4 + 2 x N) x 2

2

	
	10, 10, 10
	23, 25, 27
	38, 46, 62
	38, 46, 62

	Rank-7
	4 x 2

2
	(4 + 2) x 2 + L

2
	(4 + 2 x N) x 2

2
	(4 + 2 x N) x 2

2

	
	10, 10, 10
	23, 25, 27
	38, 46, 62
	38, 46, 62

	Rank-8
	4 x 2

0
	(4 + 2) x 2 + L

0
	(4 + 2 x N) x 2

0
	(4 + 2 x N) x 2

0

	
	8,  8,  8
	21, 23, 25
	36, 44, 60
	36, 44, 60


For 8Tx transmission, the number of element for first and second precoding matrix indication are defined according to the number of layer [7]. Since dual-codebook structure is used with differential feedback concept, the feedback overhead seems to be relatively small considering the large codebook sized as compared with 4Tx codebook. However, the same tendency with 4Tx PUSCH reporting is shown for the 8Tx PUSCH reporting as well.

Observation: in terms of the feedback overhead, the mode 3-2 requires largest feedback overhead while the mode 2-2 requires almost half feedback overhead for mode 3-2. Although the precoder sub-sampling can be used to reduce the feedback overhead for mode 3-2, the feedback accuracy degradation is expected.
______________________________________________________________________________

4. System Performance Evaluation
In this section, we provide system level performance according to PUSCH reporting mode in release-10. Details of the simulation assumptions are listed in the Table 3 in the Annex.
· SU-MIMO performance under UMi channel environment
For SU-MIMO, we assume rank adaptation. In case of 4Tx transmission, maximum rank-4 transmission is assumed. Also, in case of 8Tx transmission, maximum rank-2 transmission is assumed.
Table 4. 4x4 antenna configuration (SU-MIMO / up to rank-4)
	PUSCH reporting mode
	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)

	Mode 1-2
	2.30

(-10.2%)
	0.0436
(-10.8%)
	2.47

(-10.5%)
	0.0505

(-16.5%)

	Mode 2-2
	2.48
(-3.1%)
	0.0476
(-2.7%)
	2.67
(-3.3%)
	0.0576
(-4.8%)

	Mode 3-1
	2.56 

(0.0%)
	0.0489
(0.0%)
	2.76
(0.0%)
	0.0605
(0.0%)

	Mode 3-2
	2.57
(0.4%)
	0.0490
(0.2%)
	2.77
(1.5%)
	0.0614
(0.4%)


Table 5. 8x2 antenna configuration (SU-MIMO / up to rank-2)
	PUSCH reporting mode
	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)

	Mode 1-2
	1.67

(-16.9%)
	0.0239

(-24.8%)
	1.69

(-12.9%)
	0.0373

(-17.5%)

	Mode 2-2
	1.95
(-3.0%)
	0.0304
(-4.4%)
	1.88
(-3.1%)
	0.0450
(-0.4%)

	Mode 3-1
	2.01
(0.0%)
	0.0318
(0.0%)
	1.94
(0.0%)
	0.0452
(0.0%)

	Mode 3-2
	2.01
(-0.5%)
	0.0318
(2.2%)
	1.95
(0.5%)
	0.0446
(-1.3%)


As shown in table 4 and 5, it is observed that PUSCH reporting mode 3-2 supporting PMI accuracy enhancement has almost same performance over mode 3-1. On the other hands, in spite of smaller overhead, performance of mode 2-2 is degraded within 4.5% over mode 3-1. 

· MU-MIMO performance under UMi channel environment
For MU-MIMO, we assume maximum 4-layer transmission and single layer for each user. 
Table 6. 4x2 antenna configuration (MU-MIMO / max 4 layers) 
	PUSCH reporting mode
	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)

	Mode 1-2
	1.67
(-4.0%)
	0.0256
(-8.9%)
	2.15
(-6.1%)
	0.0413
(-12.7%)

	Mode 2-2
	1.73
(-0.6%)
	0.0277
(-1.4%)
	2.28
(-0.4%)
	0.0463
(-2.1%)

	Mode 3-1
	1.74
(0.0%)
	0.0281
(0.0%)
	2.29
(0.0%)
	0.0473
(0.0%)

	Mode 3-2
	1.78
(2.3%)
	0.0287
(2.1%)
	2.32
(1.3%)
	0.0478

(1.1%)


Table 7. 8x2 antenna configuration (MU-MIMO / max 4 layers) 
	PUSCH reporting mode
	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)

	Mode 1-2
	1.81
(-7.2%)
	0.0285
(-13.9%)
	2.90
(-5.5%)
	0.0563
(-11.5%)

	Mode 2-2
	1.92
(-1.5%)
	0.0326
(-1.5%)
	3.03
(-1.3%)
	0.0647
(1.7%)

	Mode 3-1
	1.95
(0.0%)
	0.0331
(0.0%)
	3.07
(0.0%)
	0.0636
(0.0%)

	Mode 3-2
	1.96
(0.5%)
	0.0333
(0.6%)
	3.04
(-1.0%)
	0.0662
(4.1%)



As shown in table 6 and 7, PMI accuracy enhancement of PUSCH reporting mode 3-2 provides MU-MIMO performance improvement over mode 3-1. Especially, cell edge performance improvement is observed since frequency selective precoding can provide CQI enhancement on each subband. Also, it is shown that mode 2-2 also provide comparable performance over mode 3-1 and 3-2.
· MU-MIMO performance under UMa channel environment
To investigate under more frequency selective channel environment, we assume UMa channel which has longer delay spread than delay profile of UMi channel model. Also, to operate a close-loop MIMO, low mobility is assumed.
Table 8. 4x2 antenna configuration (MU-MIMO / max 4 layers) 
	PUSCH Feedback mode
	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)

	Mode 1-2
	1.48
(-6.3%)
	0.0216
(-10.0%)
	2.00
(-6.1%)
	0.0363
(-12.7%)

	Mode 2-2
	1.57
(-0.6%)
	0.0233
(-2.9%)
	2.11
(-0.9%)
	0.0404
(-2.9%)

	Mode 3-1
	1.58
(0.0%)
	0.0240
(0.0%)
	2.13
(0.0%)
	0.0416
(0.0%)

	Mode 3-2
	1.62
(2.5%)
	0.0258
(7.5%)
	2.15
(0.9%)
	0.0427
(2.6%)


Table 9. 8x2 antenna configuration (MU-MIMO / max 4 layers)
	PUSCH Feedback mode
	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)

	Mode 1-2
	1.90
(-6.9%)
	0.0269
(-14.9%)
	2.40
(-9.1%)
	0.0492
(-9.7%)

	Mode 2-2
	2.00
(-2.0%)
	0.0312
(-1.3%)
	2.59
(-1.9%)
	0.0546
(0.2%)

	Mode 3-1
	2.04
(0.0%)
	0.0316
(0.0%)
	2.64
(0.0%)
	0.0545
(0.0%)

	Mode 3-2
	2.05
(0.5%)
	0.0343
(8.5%)
	2.63
(-0.4%)
	0.0598
(9.7%)



As shown in table 8 and 9, it is observed that frequency selective precoding provide more performance enhancement under frequency selective channel. In case of mode 3-2, average spectral efficiency is improved maximum 2.5%. Also, maximum 9.7% cell edge performance enhancement is obtained. In case of mode 2-2, about 3% performance degradation over mode 3-1 is shown under frequency selective channel.
Observation: When mode 3-2 is employed in Rel.10, no performance improvement is observed in SU-MIMO mode while the 0.5~2.5% system level performance gain and 1~9% cell edge performance gain is observed in MU-MIMO mode. However, considering the feedback overhead, the performance gain from mode 3-2 seems to be not significant. On the other hands, mode 2-2 provides reasonable system performance with least feedback overhead.
______________________________________________________________________________

5. Conclusions

In this contribution, we discussed on the aperiodic PUSCH reporting modes especially on the introduction of additional PUSCH reporting mode 3-2. From the discussions and observations from required feedback overhead and system performance evaluation, we can conclude as follows:
· The mode 3-2 requires largest feedback overhead if precoder sub-sampling is not used

· The performance gain from mode 3-2 seems to be not that significant considering its large feedback overhead

· Since the mode 2-2 provides reasonable system performance with least feedback overhead, the mode 2-2 should be kept although mode 3-2 is introduced in Rel-10

______________________________________________________________________________
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Appendix
Table 1. The number of subband and required number of bits for band indication [6]
	
	5 MHz (25RBs)
	10 MHz (50RBs)
	20 MHz (100RBs)

	Mode 1-2 / 3-1 / 3-2
	Subband size
	4 RBs
	6 RBs
	8 RBs

	
	The number of subbands (N)
	7
	9
	13

	Mode 2-2
	Subband size 
	2 RBs
	3 RBs
	4 RBs

	
	The number of subbands
	13
	17
	25

	
	The number of selected band
	3
	5
	6

	
	Required number of bits for selected band indication (L)
	9 bits
	11 bits
	13 bits


Table 2. The number of element in codebook for CSI reporting [7]
	
	2 Tx
	4 Tx
	8 Tx

	Rank-1
	4 (2 bits)
	16 (4 bits)
	16 x 16  (4 bits + 4 bits)

	Rank-2
	2 (1 bit)
	16 (4 bits)
	16 x 16  (4 bits + 4 bits)

	Rank-3
	
	16 (4 bits)
	4 x 16    (2 bits + 4 bits)

	Rank-4
	
	16 (4 bits)
	4 x 8      (2 bits + 3 bits)

	Rank-5
	
	
	4 x 1      (2 bits + 0 bits)

	Rank-6
	
	
	4 x 1      (2 bits + 0 bits)

	Rank-7
	
	
	4 x 1      (2 bits + 0 bits)

	Rank-8
	
	
	1 x 1       (0 bits + 0 bits)


Table 3. System level simulation assumptions

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Average number of UEs per cell
	10

	Traffic model
	Full buffer

	Bandwidth
	5 MHz

	Channel model
	ITU Urban Micro and Macro

	Antenna configuration
	4Tx-2Rx, 4Tx-4Rx

	
	8Tx-2Rx

	BS antenna configuration
	ULA with 0.5 λ separation and vertical polarization

	
	Two closely spaced ±45° cross-poles with 4 λ separation

	UE antenna configuration
	ULA with, 0.5 λ separation

	
	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%

	Max number of HARQ retransmissions
	5

	PUSCH

Feedback

Mode 3-1
	Number of RBs per subband
	4 RBs

	
	CQI reporting periodicity / frequency granularity
	5 ms / Subband

	
	PMI reporting periodicity / frequency granularity
	5 ms / Wideband

	PUSCH

Feedback

Mode 3-2
	Number of RBs per subband
	4 RBs

	
	CQI reporting periodicity / frequency granularity
	5 ms / Subband

	
	PMI reporting periodicity / frequency granularity
	5 ms / Subband

	PUSCH

Feedback

Mode 2-2
	Number of RBs per subband
	2 RBs, M = 3

	
	CQI reporting periodicity / frequency granularity
	5 ms / Selected Subband + Wideband

	
	PMI reporting periodicity / frequency granularity
	5 ms / Selected Subband + Wideband

	Feedback delay
	5 ms

	RI reporting periodicity
	20 ms

	Feedback codebook 
	4 Tx
	Release-8 HH

	
	8 Tx
	Agreed feedback codebook [7]

	Transmission mode 
	SU-MIMO
	Rank adaptation – up to Rank-4

	
	  MU-MIMO
	ZF beamforming, Rank-1 per UE, Max 4-Layer pairing

	CQI reporting type
	SU-MIMO based CQI only

	Overhead
	PDCCH
	3 OFDM symbols

	
	CRS
	2-Tx pattern

	
	DMRS
	12 REs per RB for rank-1 and 2

24 REs per RB for rank-3 to 8
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