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1. Introduction
In RAN1#62 it was agreed that 8 Tx Rel.10 CQI (at least) feedback accuracy is to be enhanced in a straightforward way targeting both MU-MIMO and SU-MIMO improvement, taking the performance/overhead tradeoff into account.
In RAN1#62bis, a way forward on CQI/PMI reporting enhancement on PUSCH 3-1 was proposed in [6], as follows:

· In addition to Rel-8 Mode 3-1 feedback, UE can be configured via higher layer signalling to report:

· If RI>1 
· a wideband PMI (W) calculated assuming restricted rank=1;

· per subband CQI targeting MU-MIMO operation;

· If RI=1 
· per subband CQI targeting MU-MIMO operation;

Also, two alternative ways forward were proposed [20, 21] to introduce a PUSCH mode 3-2.
In [6], a MU-MIMO CQI calculation method was proposed for 4Tx.  In this contribution, we provide proposals on MU-CQI calculation methods for 8Tx in section 2. Based on the MU-CQI calculation methods, we also evaluate the performance gain from MU-CQI and rank-restricted PMI for PUSCH in section 3, in the light of possible enhancement of PUSCH mode 3-1 or introduction of PUSCH mode 3-2.
2. Details of CQI feedback enhancement proposals
The Rel.8 CQI report does not assume multi-user interference when it is calculated based on the properly selected rank index, so it is primarily suitable for SU-MIMO. A new MU CQI definition can bring some benefits to tune the link adaptation to the actual CQI [2, 5-18]. The new MU-MIMO CQI information should allow for better estimation of the rates obtained when pairing decisions are made in MU-MIMO scheduling. Therefore it is helpful if two kinds of CQI are reported simultaneously, one targeting SU-MIMO with no multi-user interference, and the other targeting MU-MIMO with an appropriate assumption about multi-user interference.
One approach to predict the MU CQI could be based on a PMI companion approach [6] [10] [18]. The UE would assume that its own precoder is the reported SU-MIMO rank 1 PMI and the co-scheduled UEs’ precoders are orthogonal to the reported PMI. 
In [6], the total number of co-scheduled layers is assumed to be 4 at the time of MU-MIMO CQI calculation. However, as the case of just 1 co-scheduled interfering user is more common, the power distribution assumed across the interfering layers may be modified, for example such that half the power is assumed for the UE itself, and half the power for an interfering user, resulting in an average of the 3 assumed interfering PMI vectors. In this evaluation, however, we assume equal power for 3 interfering vectors, according to the detailed CQI calculation given in appendix 2. 
MU-MIMO CQI is calculated simply under the assumption of fully orthogonal PMIs with rank 1 for co-scheduled UEs. In the following paragraphs, we outline two kinds of orthogonal PMI pairing criteria for the MU-CQI calculation based on the agreed Rel.10 8Tx codebook [3].
1) Orthogonal PMI pairing criterion I

This criterion is based on joint W1 and W2 orthogonal design, that is, 2 orthogonal W1 pairs and 2 orthogonal W2 pairs from the 8Tx codebook. 4 orthogonal rank-1 precoding matrices W can be achieved through W=W1*W2.
Out of the sixteen W1 matrices with rank 1, the W1 matrix pairs (n, mod(n+4, 16)) have completely orthogonal DFT beams in each column of W1, as shown in table 1.

Table 1 Two orthogonal W1 pairs

	W1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Orthogonal W1
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	0
	1
	2
	3


Out of the sixteen W2 matrices with rank 1, the following W2 matrix pairs have orthogonal co-phasing and the same column selection, as shown in table 2.
Table 2 Two orthogonal W2 pairs

	W2
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	Orthogonal W2
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In summary, 4 PMIs for 4 co-scheduled layers are composed of 2 orthogonal W1 pairs as indicated in table 1, and 2 orthogonal W2 pairs as indicated in table 2. According to the UE’s selected SU-MIMO rank-1 precoder, a UE could identify unambiguously the other 3 PMIs to be assumed for the interference from table 1 and table 2 according to W=W1*W2.
2) Orthogonal PMI pairing criterion II

This criterion is solely based on orthogonal pairing of W1, that is, 4 orthogonal W1 pairs and the same W2 from the 8Tx codebook. 4 orthogonal rank-1 precoding matrices W can again be achieved through W=W1*W2.
Out of the sixteen W1 matrices with rank 1, the following W1 matrix pairs have completely orthogonal DFT beams in each column of W1, as shown in table 3.
Table 3 Four orthogonal W1 pairs

	SU MIMO PMI (W1)
	n = 0~15

	Interfering PMI (W1) assumed for CQI calculation
	mod(n + 4, 16)

	
	mod(n + 8, 16)

	
	mod(n + 12, 16)


In summary, the 4 PMIs for 4 co-scheduled layers are composed of 4 orthogonal W1 pairs as indicated in table 3 and the same W2.
3. System-level simulation assumptions and results
Dynamic SU/MU switching is employed during multi-user scheduling. Rank adaptation is used for SU-MIMO, while rank 1 per UE is assumed for MU-MIMO. In the baseline evaluation, each UE always feeds back only one set of SU-MIMO PMI and CQI conditioned on the recommended RI. If no additional CQI feedback is configured, the reported SU-MIMO CQI is reused for MU-MIMO.

The detailed simulation assumptions and parameters are listed in Appendix 1. 
3.1. Additional MU-MIMO CQI reporting
In this section, we evaluated two alternatives of additional MU-MIMO CQI feedback on top of baseline feedback, e.g.: pairing criterion I and pairing criterion II.

3.1.1 PUSCH mode 3-1
The simulations here follow PUSCH mode 3-1 as defined in Release 8, with the addition of subband MU-MIMO CQI constrained to rank 1. System-level simulation results are given in Table 4 corresponding to cross-polarized antenna and co-polarized antenna for 8Tx/2Rx.
Table 4 Evaluations of MU-MIMO CQI in mode 3-1
	Feedback scheme
	8Tx cross-polarized, 0.5wl

Large Angle Spread (15deg.)
	8Tx co-polarized, 0.5wl

Small Angle Spread (8deg.)

	
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)

	Baseline mode 3-1
	3.35
	0.082
	4.31
	0.122

	Additional MU CQI

(Alt. 1)
	3.52
	0.087
	4.65
	0.127

	Gains of Alt. 1
	5%
	6%
	8%
	4%

	Additional MU CQI

(Alt. 2)
	3.49
	0.085
	4.61
	0.123

	Gains of Alt. 2
	4%
	4%
	7%
	1%


Observations :

· For 8 Tx cross-polarized configurations, the additional subband MU-MIMO CQI feedback shows 4~5% cell average gains and 4~6% cell edge gains compared with PUSCH mode 3-1. For co-polarized antennas, the corresponding gains are 7-8% and 1-4% respectively.

· The pairing criterion I gives a marginally greater improvement than pairing criterion II. The reason is that orthogonal PMI pairing criterion I is jointly designed based on W1 and W2, and thus better matches sub-band CQI, while pairing criterion II is only designed on W1, and thus does not so well capture the sub-band CQI. However, the performance difference between the two criteria is quite marginal.
3.1.2 PUSCH mode 3-2
The simulations here follow the potential new PUSCH mode 3-2, with the addition of subband MU-MIMO CQI constrained to rank 1. The results are shown in table 5 for 8Tx/2Rx.
Table 5 Evaluations of MU-MIMO CQI in mode 3-2
	Feedback scheme
	8Tx cross-polarized, 0.5wl

Large Angle Spread (15deg.)
	8Tx co-polarized, 0.5wl

Small Angle Spread (8deg.)

	
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)

	Baseline mode 3-2
	3.43
	0.084
	4.28
	0.127

	Additional MU CQI

(Alt. 1)
	3.59
	0.089
	4.60
	0.132

	Gains of Alt. 1
	5%
	6%
	7%
	4%

	Additional MU CQI

(Alt. 2)
	3.54
	0.090
	4.55
	0.130

	Gains of Alt. 2
	3%
	7%
	6%
	2%


Observations :

· Additional subband MU-MIMO CQI feedback shows 3~7% cell average gains and 2~7% cell edge gains in 8Tx co-polarized or cross-polarized configurations compared with PUSCH mode 3-2.
3.2. Additional rank restricted PMI reporting
The WF in [6] also proposed to use rank restricted PMI to improve the feedback accuracy of the channel state information. In [7], performances of additional wideband rank restricted PMI feedback in PUSCH mode 3-1 have evaluated for 8Tx/4Rx. In this section, we evaluate the performances of wideband rank restricted PMI in PUSCH mode 3-1 for 8Tx/2Rx. Pairing criterion I is assumed for the MU- CQI calculation. The results are shown in table 6 for 8Tx/2Rx with cross-polarized (15-degree spread) configuration.
Table 6 Evaluations of rank restricted PMI and MU-MIMO CQI in mode 3-1
	Feedback scheme
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)

	Baseline mode 3-1
	3.35
	0.082

	Additional rank restricted PMI
	3.37
	0.085

	Gains of additional PMI
	1%
	4%

	Additional rank restricted PMI plus MU CQI
	3.56
	0.088

	Gains of additional PMI+MU CQI
	6%
	7%


Observations :

· Compared to the performances for 4Rx in [7], the gain from additional wideband rank restricted PMI feedback is decreased for 2Rx, particularly for cross-polarized antenna. It shows only 1~4% system performance gains compared with PUSCH mode 3-1. 
· MU-CQI reporting on top of rank restricted PMI can achieve incremental system performance improvement, namely 3~5% additional system performance gains from MU CQI according to table 6.
3.3. PUSCH 3-2 with codebook subsampling

For PUSCH mode 3-2, the total overhead could be further reduced by W2 codebook sub-sampling. The sub-sampling scheme in [19] is evaluated in these simulations, which keep all co-phasing but reduce the number of column selection hypotheses so that the resulting W2 codebook size is 2 bits. Table 7 shows the simulation results of PUSCH mode 3-2 with or without sub-sampling for 8Tx.
Table 7 Simulation results of PUSCH 3-2 for 8Tx

	Feedback Mode
	Antenna Configuration
	Codebook Sub-sampling
	Average Cell SE (bps/Hz/cell)
	Cell-edge User SE (bps/Hz/cell)

	PUSCH 3-2
	8-Tx 2-Rx CLA 0.5wl, 15deg.
	No
	3.43 (100%)
	0.084 (100%)

	
	
	[19]
	3.37 (98.3%)
	0.087 (103.6%)

	
	8-Tx 2-Rx ULA 0.5wl, 8deg.
	No
	4.28 (100%)
	0.127 (100%)

	
	
	[19]
	4.26 (99.5%)
	0.130 (102.4%)


Observations :

· For PUSCH 3-2, W2 codebook sub-sampling performs similarly with codebook without sub-sampling.
4. Summary

Based on the performance evaluations in this contribution, we propose:

· At least in PUSCH mode 3-1, an additional MU CQI report should be fed back to support MU-MIMO under the assumption of appropriate multi-user interference rank not greater than 2.

· One of the following two orthogonal PMI pairing criteria should be adopted for MU-CQI measurement:

· Orthogonal PMI pairing criterion I for 4 co-scheduled layers
Two orthogonal W1 pairs

	W1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Orthogonal W1
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	0
	1
	2
	3


Two orthogonal W2 pairs

	W2
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	Orthogonal W2
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· Orthogonal PMI pairing criterion II for 4 co-scheduled layers
Four orthogonal W1 pairs

	SU MIMO PMI (W1)
	n = 0~15

	Interfering PMI (W1) assumed for CQI calculation
	mod(n + 4, 16)

	
	mod(n + 8, 16)

	
	mod(n + 12, 16)
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Appendix 1 Simulation assumptions and parameters
	Parameter
	Assumptions used for evaluation

	Deployment scenario
	3GPP case 1 3D, SCM-UMa with high angle spread (15deg) or low angle spread (8deg)

	Number of cells
	19 cells with 3 sectors per cell

	Wrap-around model
	Yes

	Duplex method and bandwidths
	FDD: 10MHz for downlink

	Network synchronization
	Synchronized

	Traffic model
	Full-buffer

	Number of UEs per sector
	10

	Maximum number of co-scheduled UEs
	4 for 8Tx

	Handover margin
	1.0 dB

	eNB Antenna assumptions
	8Tx:
· Co-polarized antennas with 0.5-lambda spacing (ULA): Vertically polarized
· Cross-polarized antennas with 0.5-lambda spacing (CLA): +/- 45 degrees

	UE antenna assumptions
	2Rx:

· A single co-polarized ULA with 0.5-lambda spacing with vertical polarization
· One pair of cross-polarized antennas with polarization angles of +90/0 degrees

	UE antenna orientation
	Random distribution within range [-90, 90] degrees

	Calibrated antenna array
	Ideal

	Downlink scheduler
	Proportional fair, frequency selective

	Feedback assumption
	5ms feedback periodicity, 6ms feedback delay

	Downlink HARQ scheme
	Synchronous HARQ, Chase combining with max 4 retransmissions

	Downlink receiver type
	MMSE

	CSI-RS based CSI estimation error
	Real

	DM-RS channel estimation
	Real

	Feedback error
	1% codeword error rate

	Control channel and reference signal overhead
	As agreed in ITU assumption with PDCCH of 3 OFDM symbols

Fixed overhead: 0.3063


Appendix 2 Example of MU-MIMO CQI calculation for PMI companion approach
Let us denote the channel matrix of UE k as 
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 with the dimension of NT x1. In MU-MIMO CQI calculation, it is assumed that total 4 UEs including UE k are co-scheduled for MU-MIMO. The other 3 interfering PMIs, noted by 
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. The measured noise and interfering power is PINk for UE k. 
As an example, MU-MIMO CQI can be calculated as follows according to PMI companion approach and Minimum Mean Square Error (MMSE) detector.
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where:
Interference covariance matrix including multi-user interference, inter-cell interference and noise is:
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MMSE receiver weight is 
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