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1. Introduction
Many agreements about the Rel.10 codebooks and feedback design were reached in RAN1#62:
· Codebook and feedback

· 2/4Tx Rel.10 codebook is the 2/4 Tx Rel.8 codebook [1], [2]
· Double codebook feedback is supported in 8Tx Rel.10 DL MIMO [1], [3]
· R10 PUCCH [19]
· Extension of Rel.8 PUCCH Mode 1-1 with RI and W1 signalled in the same subframe
· Extension of Rel.8 PUCCH Mode 2-1 with PTI report
· Extension of Rel.8 PUCCH Mode 1-1 with W determined from a single sub-frame report conditioned upon the latest RI report in a previous sub-frame
· R10 PUSCH [4]
· PUSCH Mode 1-2, 2-2 and 3-1
The following agreements have been also reached in previous RAN1 meetings, but further developments are still needed for details:
· Dynamic SU-MIMO and MU-MIMO switching is supported in Rel. 10. 
· 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 this contribution, in order to resolve the open issues described above, we provide here further proposals for the feedback on PUSCH as follows:

· Rank-restricted PMI feedback [2] [4] [6] [7] [15]
· MU-specific CQI feedback [2] [4-14] [20]
· Addition of PUSCH mode 3-2 [4] [16-17]
We also provide corresponding system level evaluations in section 3.

2. Details of CQI/PMI feedback enhancement proposals
2.1. Additional rank-restricted PMI feedback

According to the agreements so far, SU-MIMO supports up to rank 8 with rank adaptation, while MU-MIMO mode only supports up to rank 2. When a UE selects a precoder with high rank index (e.g. RI>2), the first two columns of the recommended precoder do not necessarily relate to a lower-rank precoder exactly e.g. rank 1 or rank 2. If the codebook has the nested property, then the lower-rank precoder would always be a subset of the higher-rank precoder so that eNB can derive a lower-rank precoder for MU-MIMO precoding, even though the UE only feeds back a single higher-rank precoder for SU-MIMO precoding. Unfortunately, the agreed 8Tx codebook in [3] does not capture this nested property well so that dynamic switching based on PMI reports for SU-MIMO cannot be adapted in a straightforward way to support efficient dynamic switching between SU- and MU-MIMO. 
Therefore, we propose that two kinds of PMI should be reported simultaneously, one targeting SU-MIMO with full rank adaptation and the other targeting MU-MIMO with restricted rank (up to rank 2). With two sets of PMI feedback, eNB can perform flexible SU/MU switching. Note that this is only necessary if the UE’s preferred SU-MIMO rank is greater than 2, because for rank 2 the agreed 8Tx codebook has a good nested property so that the reported PMI conditioned on lower rank can be used for both SU and MU-MIMO with rank 1 or 2, so only one set of PMI feedback is enough in this case.

Though rank-restricted PMI is mainly used to resolve the problem for 8Tx that the codebook is not nested for rank>2, it can be also useful for 4Tx and 2Tx to improve channel state information accuracy even though the codebook is nested. The reason is that even though the codebook is nested, specifically selecting PMI for rank1 will provide more accurate channel information than deriving the low-rank PMI from high-rank PMI by means of the nested property.
An additional CQI conditioned on such a rank-restricted PMI is addressed in Section 2.2; this could be beneficial to bring some further enhancement, but it is not necessary for the rank-restricted PMI fed back together with such an additional CQI. The reason is that a UE reporting more than rank-2 always reports two SU-CQIs corresponding to two codewords, and reusing the two SU-CQIs jointly for MU-MIMO with CQI outer-loop adjustment has already been seen to perform well.

Proposal I:

· At least in PUSCH feedback mode 3-1, additional rank restricted PMI feedback should be fed back to support better MU precoding and flexible SU/MU switching
2.2. Additional MU CQI feedback
The Rel.8 CQI report does not assume any multi-user interference when it is calculated based on the properly selected rank index, so it is primarily suitable for SU-MIMO. As proposed in [6], a new MU CQI definition can bring some benefits to tune the link adaptation to the actual CQI. 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 appropriate multi-user interference and rank not greater than 2.
One approach to predict the MU CQI could be based on PMI companion approach [20]. The UE would assume that its precoder is the reported PMI and that the co-scheduled user’s precoder is given by a companion PMI. The best companion PMI provides null space information and supports better selection of UEs for pairing decisions. The new MU-CQI information should allow for better estimation of the rates obtained when pairing decisions are done in MU-MIMO scheduling.The signalling of a best companion PMI also has the advantage that the MU-CQI can be defined as  implicit feedback in the same way as all other MIMO feedback in LTE. This also eases the definition of the testing. The MU-MIMO CQI is calculated simply under the assumption of a paired user being scheduled with this best companion PMI. The MU-MIMO CQI can be expressed as a delta CQI relative to the SU-CQI. Full details of best companion and delta-CQI calculation can be found in appendix 2.
Proposal II:

· At least in PUSCH feedback mode 3-1, an additional MU CQI report and accompanying best companion PMI information should be fed back to support MU-MIMO under the assumption of appropriate multi-user interference rank not greater than 2.
2.3. Addition of PUSCH mode 3-2
PUSCH mode 3-1 supports single PMI and higher layer-configured subband CQI reporting. For SU-MIMO, such a wideband precoding might be sufficient for tradeoff between performance and feedback overhead, because SU-MIMO does not gain much from the improved quantization error from sub-band PMI, particularly when the codebook is not designed sufficiently to reduce the quantization error. However, MU-MIMO is more sensitive to the quantization error, and sub-band PMI is more important to avoid too much inter-user interference. We therefore propose:
Proposal III:

· Addition of new PUSCH mode 3-2 to report double codebook and subband PMI targeting feedback accuracy improvements for MU/SU in Rel.10.
3. System-level simulation assumptions and results
Simulation assumptions and parameters are listed in Appendix 1. The 4Tx codebooks are as in Rel.8, while the  8Tx codebooks are as agreed in RAN1#62. System-level simulation results are given in Table 1-4 corresponding to co-polarized antenna and cross-polarized antenna for 4Tx/2Rx and 8Tx/4Rx. 
3.1. Additional rank restricted PMI feedback

Performance gain from rank restricted PMI feedback for 8Tx
In this evaluation, the baseline for the comparisons is that the UE always feeds back only one set of PMI conditioned on the recommended RI; when the eNB intends to schedule a UE reporting higher rank than 2 with another UE in MU-MIMO, then the eNB will extract the first column of the reported precoder as the rank-1 MU-MIMO precoder. Such a baseline suffers from significant performance loss, and further optimization to the baseline is being investigated further. In this section, we compare the system performance of additional rank restricted PMI feedback on top of the baseline feedback in 8Tx/4Rx cross-polarized or co-polarized antenna configurations with 15 degree or 8 degree angular spread and 0.5λ antenna spacing. Dynamic SU/MU switching is employed during multi-user scheduling, and outer loop CQI adjustment is also employed at the eNB. 

The simulations follow PUSCH mode 3-1 as defined in Release 8, with the addition of a second wideband PMI report constrained to either rank 1 or rank 2.
The results are shown in table 1. When SU-MIMO is used, the usage statistics of each rank are also listed in table 2.

Table 1 Evaluations of additional rank restricted PMI feedback in mode 3-1 for 8Tx
	Antenna configuration
	Feedback
	Large Angle Spread (15deg.)
	Small Angle Spread (8deg.)

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

	8Tx co-polarized, 0.5wl
	Mode 3-1
	4.46
	0.132
	5.07
	0.184

	
	Additional rank restricted PMI
	5.60
	0.177
	6.66
	0.209

	
	Gains (%)
	26%
	34%
	31%
	14%

	8Tx cross-polarized, 0.5wl
	Mode 3-1
	4.28
	0.107
	4.42
	0.121

	
	Additional rank restricted PMI
	4.77
	0.128
	5.15
	0.153

	
	Gains (%)
	11%
	20%
	17%
	26%


Table 2 Rank usage statistics for SU-MIMO in mode 3-1 for 8Tx
	Antenna configuration
	Feedback mode
	Rank 1 ratio 

for SU-MIMO
	Rank 2 ratio 

for SU-MIMO
	Rank 3 ratio 

for SU-MIMO
	Rank 4 ratio 

for SU-MIMO

	8Tx co-polarized, 0.5wl, 15deg
	Mode 3-1
	8%
	45%
	45%
	2%

	
	Additional rank restricted PMI
	6%
	31%
	59%
	4%

	8Tx co-polarized, 0.5wl, 8deg
	Mode 3-1
	8%
	60%
	30%
	2%

	
	Additional rank restricted PMI
	8%
	42%
	48%
	2%

	8Tx cross-polarized, 0.5wl, 15deg
	Mode 3-1
	5%
	47%
	44%
	4%

	
	Additional rank restricted PMI
	5%
	39%
	51%
	5%

	8Tx cross-polarized, 0.5wl, 8deg
	Mode 3-1
	6%
	60%
	32%
	2%

	
	Additional rank restricted PMI
	5%
	52%
	40%
	3%


Observations :

1) Additional rank restricted PMI feedback shows significant system performance improvement compared with only one set of PMI feedback for 8Tx, namely 10~30% system performance gains according to table 1.
2) Higher rank (e.g. RI=3) is often selected (about 30~60%) in SU-MIMO according to table 2, while the higher rank 8Tx Rel.10 codebook is not well nested with the lower rank 8Tx Rel.10 codebook. Therefore if only one set of PMI feedback is used for MU/SU scheduling simultaneously, MU-MIMO performance will be adversely affected if the eNB directly extracts the first one or two columns from the higher rank precoder. 
Performance gain from rank restricted PMI feedback over that based on restricted eNB scheduler for 8Tx
It is also possible to enhance the baseline performance by restricting the eNB only to schedule a UE reporting low rank (e.g. rank 1) into MU-MIMO mode. Such restriction to the eNB scheduler will avoid the performance loss from inaccurate low-rank PMI derived from high-rank PMI, while it also scarifies MU scheduling gain due to the reduced number of potentially scheduled UEs. The following simulation results in table 2a shows that such restriction to the eNB scheduling approach can often improve the baseline performance by up to 3.5% for cell-average and 8.3% for cell-edge SE. However, it is far worse than the rank restricted PMI feedback proposal.
Table 2a Comparisons of two feedback approaches without rank-restricted PMI feedback for 8Tx
	Antenna configuration
	Feedback
	Large Angle Spread (15deg.)
	Small Angle Spread (8deg.)

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

	8Tx co-polarized, 0.5wl
	Mode 3-1
	4.46
	0.132
	5.07
	0.184

	
	eNB restricted scheduling
	4.50
	0.143
	5.10
	0.177

	
	Gains (%)
	2.2%
	8.3%
	0.6%
	-1%

	8Tx cross-polarized, 0.5wl
	Mode 3-1
	4.28
	0.107
	4.42
	0.121

	
	eNB restricted scheduling
	4.43
	0.114
	4.53
	0.131

	
	Gains (%)
	3.5%
	6.5%
	2.5%
	8.3%


Performance gain from rank restricted PMI feedback for 4Tx
Rank-restricted PMI can also improve 4Tx feedback. In this evaluation, the baseline for the comparisons is that the UE always feeds back only one set of PMI conditioned on the recommended RI. And we compare the system performance of additional rank restricted PMI feedback on top of the baseline feedback in 4Tx/4Rx cross-polarized or co-polarized antenna configurations with 15 degree or 8 degree angular spread and 0.5λ antenna spacing. 
Table 2b Evaluations of additional rank restricted PMI feedback in mode 3-1 for 4Tx
	Antenna configuration
	Feedback
	Large Angle Spread (15deg.)
	Small Angle Spread (8deg.)

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

	4Tx co-polarized, 0.5wl
	Mode 3-1
	3.89
	0.110
	4.30
	0.137

	
	Additional rank restricted PMI
	4.19
	0.120
	4.69
	0.145

	
	Gains (%)
	7.7%
	9%
	9.1%
	5.8%

	4Tx cross-polarized, 0.5wl
	Mode 3-1
	3.62
	0.076
	3.68
	0.082

	
	Additional rank restricted PMI
	3.72
	0.077
	3.74
	0.084

	
	Gains (%)
	2.8%
	1.3%
	1.6%
	2.4%


Observations :

1) Additional rank restricted PMI feedback shows attractive system performance improvement compared with only one set of PMI feedback for 4Tx, namely up to 9.1% for cell-average and 9% for cell edge according to table 2b.

Statistic ratio of the UE number reporting high rank (>2) to the UE number scheduled in MU-MIMO mode
Some companies may have the concern that a UE reporting higher rank would be not often scheduled into MU-MIMO mode because such a UE normally have a good channel quality and low spatial correlation. Actually this is not often true according to the statistic ratio of the UE number reporting high rank (>2) to the UE number scheduled in MU-MIMO mode in table 2c.
Table 2c Statistic ratio of the UE number reporting high rank (>2) to the UE number scheduled in MU-MIMO mode for the baseline 3-1 4Tx

	Scenario
	Rank-1 ratio
	Rank-2 ratio
	Rank-3 ratio
	Rank-4 ratio
	MU-MIMO switching ratio

	Co-polarized, 0.5wl, 15degree
	11%
	70%
	19%
	0.1%
	52%

	Cross-polarized, 0.5wl, 15degree
	5%
	74%
	21%
	0.1%
	19%

	Co-polarized, 0.5wl, 8degree
	14%
	77%
	9%
	0.01%
	69%

	Cross-polarized, 0.5wl, 8degree
	4%
	86%
	10%
	0.01%
	19%


Observations :

1) As expected, high spatial correlation due to co-polarized antenna or to small delay spread favors MU-MIMO so that MU-MIMO switching ratio is bigger.
2) Whatever scenarios, most of UE often reports rank-2 and rank-3, and these UEs are also often scheduled into MU-MIMO mode by eNB to achieve MU gain rather than scheduled in to SU-MIMO mode. This proves rank-restricted has highly potential to improve MU-MIMO performances.
3.2. Additional MU CQI feedback
In this evaluation, we compare the system performance of additional MU CQI feedback on top of baseline feedback in 4Tx/2Rx co-polarized or cross-polarized antenna configurations with 15 degree or 8 degree of angle spread and 0.5λ antenna spacing. 
3.2.1 PUSCH mode 3-1
The simulations here follow PUSCH mode 3-1 as defined in Release 8, with the addition of a second subband lower bound based MU CQI report [6] constrained to either rank 1 or rank 2. The results are shown in table 3. 

Table 3 Evaluations of additional MU CQI feedback in mode 3-1
	Antenna configuration
	Feedback
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)

	4Tx co-polarized, 0.5wl, 15deg spread
	Mode 3-1
	3.03
	0.071

	
	Additional MU CQI
	3.15
	0.073

	
	Gains (%)
	4%
	3%

	4Tx cross-polarized, 0.5wl, 15deg spread
	Mode 3-1
	2.73
	0.059

	
	Additional MU CQI
	2.85
	0.059

	
	Gains (%)
	4%
	0%


Observations :

1) Additional MU CQI feedback shows 3~4% system performance gains in 4Tx co-polarized or cross-polarized antenna configurations compared with only one set of PMI/CQI feedback in PUSCH mode 3-1.
3.2.2 PUSCH mode 3-2
The simulations here follow the potential new PUSCH mode 3-2, with the addition of a second subband lower bound based MU CQI report [6] constrained to either rank 1 or rank 2. The results are shown in table 4.
Table 4 Evaluations of additional MU CQI feedback in mode 3-2
	Antenna configuration
	Feedback
	Average SE
(bps/Hz/cell)
	Edge SE
(bps/Hz/user)

	4Tx co-polarized, 0.5wl, 15deg spread
	Mode 3-2
	3.07
	0.074

	
	Additional MU CQI
	3.19
	0.076

	
	Gains (%)
	4%
	3%

	4Tx cross-polarized, 0.5wl, 8deg spread
	Mode 3-2
	2.78
	0.057

	
	Additional MU CQI
	2.91
	0.062

	
	Gains (%)
	5%
	9%


Observations :

1) Additional MU CQI feedback shows 3~9% system performance gains in 4Tx co-polarized or cross-polarized antenna configurations compared with only one set of PMI/CQI feedback in PUSCH mode 3-2.
4. Summary

In this contribution, we propose and evaluate the following CQI/PMI reporting enhancement proposals:

· Proposal I: At least in mode 3-1, additional rank restricted PMI feedback should be fed back to support better MU precoding and flexible SU/MU switching
· Proposal II: At least in mode 3-1, an additional MU CQI report and accompanying best companion PMI information should be fed back to support MU-MIMO under the assumption of appropriate multi-user interference rank not greater than 2.
· Proposal III: Addition of new PUSCH mode 3-2 to report double codebook and subband PMI/CQI targeting feedback accuracy improvements for MU/SU in Rel.10
The greatest gains are seen to come from proposal I, the reporting of additional rank-restricted PMI. 
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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 4Tx, 8 for 8Tx

	Handover margin
	1.0 dB

	eNB Antenna assumptions
	4Tx, 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
4Rx:
· Co-polarized antennas with 0.5-lambda spacing (ULA): Vertically polarized
· Cross-polarized antennas with 0.5-lambda spacing (CLA): +/- 45 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 Best companion PMI selection and delta-cqi calculation
The best companion and its (delta-)CQI can be computed by:

· Estimating the MIMO channel matrix H (e.g. from CRS or CSI-RS which are orthogonal per antenna port)

· Determining the PMI, e.g. by exhaustive search over the codebook table: finding the weights which maximize the received signal power)
· For each best companion candidate: Calculate the SINR at the output of a receive combiner (e.g. MMSE) which takes into account the resulting portion of intra-cell interference from the best companion precoding weight.
· The index corresponding to the weight which maximizes this SINR is the best companion index BCI. The (delta-)CQI is based on the SINR after receive combining, using the knowledge on transmit precoder PMI and interfering partner precoder BCI.
The resulting linear SINR for the case of single stream transmission can be computed in the following way (as an example):
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The resulting intra-cell interference when having a pairing partner on a candidate best companion index CI, in case the transmit power is split equally between the two users, is:
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The candidate best companion transmit precoder 
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 (e.g. in case of an MRC receiver) or they can be designed in order to suppress the multiuser interference, e.g. using an MMSE receiver.

The resulting linear SINR with this CI is:
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(A different power loading could be easily derived by replacing the factors 0.5)

The best companion index BCI is the candidate index which maximizes the SINR:
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The delta CQI is now based on the SINR difference between rank 1 and paired transmission:
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Now this difference can be reported mapped to a change in desired transport format index.

In case of two multiuser streams and equal power split, we know that the SINR difference is at least 3dB, so we can subtract the 3dB from the reporting value (and take it into account at the eNodeB) to increase the dynamic range with a limited number of bits.

This difference has to be quantized accordingly into a certain number of bits (e.g. 3). (It is possible to use also non-uniform quantization).
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