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1. Introduction
So far, it has been proposed that enhanced UE feedback should be supported in LTE-Advanced to fulfill the requirements of peak/average throughput. In RAN1 #59bis meeting, it is agreed that the Rel-8 type of feedback for SU-MIMO is employed and the improved accuracy of spatial feedback for the MU-MIMO transmission can be used if it deemed beneficial. So far, a lot of proposals have been discussed for increasing feedback accuracy for better support MU-MIMO compared to those in LTE releases. 
Therefore, in this contribution, we discuss on the enhanced feedback schemes for MU-MIMO mode and evaluate the schemes in system level to investigate their gains in MU-MIMO operation.

2. Feedback Accuracy Enhancements
In Rel-8, simple SDMA-based MU-MIMO is employed with SU-MIMO feedback so that the MU-MIMO gain is not fully exploited since it simply re-use rank-1 SU-MIMO feedback optimized for single user transmission scenario, thus resulting in optimistic CQI which should be recalculated at eNB transmitter without the interference information for MU-MIMO operation. Therefore, several feedback proposals [3]-[12] have been proposed in LTE-A so far for better support of MU-MIMO and fulfilling LTE-A requirements. The proposals seem to be categorized by feedback codebook enhancement and additional MU-MIMO specific feedback. The former focuses on higher resolution of the feedback codebook so that finer spatial channel quantization could be supported and the latter tries to give additional information for MU-MIMO pairing to minimize co-channel interference and associated CQI. Followings are some further details on the feedback schemes according to the categories for evaluation in this contribution.
· Feedback codebook granularity enhancement [8]
To provide higher resolution feedback, the simplest way could be enlarge the codebook size with additional feedback overhead so that finer spatial channel quantization could be supported. In Rel-8, 4 bit size codebook is employed for 4Tx antenna support and its design is mainly focused on SU-MIMO support. Therefore, more than 4 bit size codebook could be employed if the gain from additional feedback overhead is acceptable.

· Best companion feedback[3]-[7]
As MU-MIMO specific feedbacks for the performance enhancement, spatial domain information of co-scheduled UE such as best companion [3]-[6] can be considered to mitigate co-channel interference at eNB transmitter. 

For the best companion, a UE first reports a PMI for itself as similar to SU-MIMO and recommended PMI(s) for co-scheduled UE(s) to mitigate CQI mismatch and co-channel interference level. After collecting best companion(s) for MU-MIMO, an eNB nulls co-channel interference at a transmitter (e.g., ZF-Beamforming). To assist this feedback scheme, UE may report additional information such as interference level reduction or effective channel quality transition which can be achieved with the reported PMI.
· Reference rank indication (CQI calculation assumption) [3], [11], [12]
In addition to best companion and interference level reduction information, a maximum number of ranks or usual transmission rank at a transmitter can be informed to a UE. And then, a UE can calculate CQI level based on reference rank assumption. By adopting this information, the co-channel interference can be taken into account for CQI estimation and other cell interference as well. Note that this maximum number of rank value might determine the number of multiple entities of best companions.

In this section, we discussed on several feedback schemes which can increase feedback accuracy. To see whether its performance gain is reasonable, we will evaluate three cases mentioned above and their combinations as well. 

3. System-level Performance Evaluation
In this section, we evaluate following MU-MIMO feedback schemes:

· Conventional MU-MIMO (reuse rank-1 SU-MIMO feedback)
· MU-MIMO with best companion

· MU-MIMO with combination best companion and reference rank
On top of the schemes mentioned above, 4 bit codebook and 6bit codebook are also considered in the evaluation. 

Here, the conventional MU-MIMO is that a UE calculates CQI value based on SU-MIMO transmission and reports it to an eNB, and the eNB schedules multiple UEs based on these feedback information via brute-force search (e.g. exhaustive search). In addition, the reference rank implies that an eNB let a UE know the typical transmission rank for MU-MIMO so that a UE feedback is calculated based on the reference rank.

In this evaluation, the number of co-scheduled UE on the same resource is maximum 4 and 1 best companion is only allowed for best companion based MU-MIMO scheme. For further details of the system level evaluation, see the table 1 and table 2.

Table 1 Basic simulation assumption

	Parameter
	Assumption

	System Bandwidth
	10MHz

	Center frequency 
	fc : 2.5 GHz

	Subframe length
	1.0 ms

	Frequency granularity 

for PMI and CQI feedback
	4 RB

	Channel Models
	ITU Urban Micro

	Mobile Speed (km/h)
	3 km/h

	MCS
	Rel-8 MCS

	Channel Code
	Turbo code Component decoder : max-log-MAP

	Codebook scheme
	4bit or 6bit
(Rel-8 codebook for 4bit)

	Antenna configuration
	4 transmitter, 2 receiver => [4Tx, 2Rx]

	Transmission scheme
	MU-MIMO based on ZF-Beamforming

	Antenna mapping
	½ λ

	Receiver Type
	MMSE

	Channel Estimation
	Perfect channel estimation


Table 2 System parameter assumption

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 1 cell sites, 3 sectors per site

(Center cell manner)

	Distance-dependent path loss
	PL(LOS) = 22.0log10(d) + 28.0 + 20log10(fc)

PL(LOS) = 40log10(d1) + 7.8 – 18log10(h’BS) –18log10(h’UT) + 2log10(fc)  

PL(NLOS) = 36.7log10(d) + 22.7 + 26log10(fc) 

	Total Node-B TX power
	43dBm (5MHz)

	Target block error rate
	10 %

	HARQ
	Chase combining with maximum retransmission 4

	Users per sector
	10

	Link Mapping
	Mutual information based

	Feedback delay for serving eNB
	3ms

	PMI set reporting period
	5ms


In figure 1, the throughput gains from the enhanced feedback schemes over conventional rank-1 SU-MIMO feedback are shown. As seen in the figure 1, 6bit codebook provides overall throughput gain compared to 4bit codebook and the gain seems to be more significant with CC or RR only due to the fact that larger codebook set may provide better beam separation at a transmitter. In addition, RR provides 5~7% gain compared to CC since it can increase the CQI accuracy by taking co-channel interference into account for CQI calculation. Since the best companion provides additional beam information with associated CQI, about 15~20% gain can be obtained over CC. The gain seems to be more significant if the best companion reporting is used in combination with reference rank for CQI calculation since more than 25% throughput gain can be obtained although reference rank is informed semi-static manner so that the overhead is insignificant.
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Figure 1. Relative throughput gain of MU-MIMO with feedback schemes
The figure 2 shows the CDF of the CQI mismatch when target BLER is set to 10% according to the enhanced feedback schemes assuming 4bit codebook is used. In the figure, the 10dB CQI mismatch implies that the feedback CQI is 10dB larger than actual received SINR. As seen in the figure, the conventional feedback shows optimistic CQI always so that the feedback CQI is always higher than actual received SNR. On the other hand, best companion feedback could reflect some parts of co-channel interference in its CQI feedback. It is observed that best combination in combination with reference reduces optimistic CQIs and provides better throughput performance although it increases pessimistic CQIs since the reference rank four is used always. This pessimistic part can be even further improved if a network handles the reference rank adequately.
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Figure 2. CDF of CQI mismatch according to enhanced feedback schemes
4. Conclusion

In this contribution, we discussed on enhanced UE feedback for MU-MIMO operation based on the extension of Rel-8 PMI/CQI/RI feedback. In addition, we also provided system evaluation results of the enhanced UE feedback schemes. From the observations, we may conclude as follows:
· Enhanced feedback support for MU-MIMO in LTE-A seems to be necessary to fulfill LTE-A requirement.

· Extension of Rel-8 PMI/CQI/RI for enhanced feedback may provide enhanced MU-MIMO performance while keeping low feedback overhead.

· Additional best companion feedback seems to mitigate CQI mismatch and to provide reasonable performance gain considering additional feedback overhead.

· On top of the best companion feedback, reference rank indication and large codebook size provide reasonable additional performance gain.
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