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1 Introduction
In 3GPP RAN#71, the WID of Enhancements on Full-Dimension MIMO for LTE (eFD-MIMO) was approved. For CSI feedback enhancement the following objectives were captured in the WID [1]:

· Extend specification support for CSI reporting in the following areas [RAN1]

· Codebook(s) associated with the newly supported number of non-precoded CSI-RS ports for a subset of possible port layouts, both 1D and 2D

· CSI reporting mechanism to support joint utilization of different CSI-RS types at the UE such as between non-precoded CSI-RS and beamformed CSI-RS as well as between different types of beamformed CSI-RS

· As second priority, evaluate and, if needed, specify enhancement on CSI reporting based on non-precoded and beamformed CSI-RS to improve eNB precoding (such as new feedback methodologies in addition to codebook-based CSI feedback) and interference measurement to support efficient multi-user transmissions (e.g. further enabling interference estimation from NZP or ZP CSI-RS)

· Analog feedback is not precluded

In this contribution, we present our view on CSI enhancement for MU-MIMO and discuss necessity and possible options for high resolution CSI feedback to support efficient multi-user transmission for eFD-MIMO.
2 Necessity for MU CSI enhancements 
FD-MIMO is characterized by using 2-dimentiaonl antenna array and a larger number of antenna ports. The additional elevation dimension and the increased spatial resolution due to a large number of antennas may allow more UEs to be transmitted simultaneously, and so make higher order MU-MIMO more feasible. Since MU-MIMO schemes often use the null-steering beamforming to separate the UEs, MU-MIMO requires more accurate channel state information than SU-MIMO. 
Table 1 and 2 below show some results of MU-MIMO for the 16-ports with (1, 8, 2) array where the baseline is Rel-13 Class A codebook with an oversampling factor of 8. We compare the performance of the quantized codebook based vs. un-quantized eigenvector based feedback with genie and real MU rate prediction. For real MU rate prediction eNB need to recalculate MU-CQI based on the reported SU-CQI by taking into account the mutual interference between co-scheduled UEs, while for genie rate prediction we assume ideal MU-CQI is available for scheduling decision. Ideal CSI-RS channel estimation is assumed in the simulation. Detailed simulation parameters are provided in the appendix. 

Results are reported for 3D UMi scenario at 2GHz with full buffer simulation. The similar behavior can be observed for the non-full buffer simulation with 50% resource utilization (results not shown here). We can see the eigenvector based feedback could greatly improve MU-MIMO performance for both cell edge and mean UE throughput. The dominant eigenvector based feedback can provide average throughput gain of 30-53% and relatively larger cell edge throughput gain of 45-61%. The throughput gain is relatively small for genie MU rate prediction, but still significant.
Table 1: Throughput Gain with real MU rate prediction for 16-ports 1D array
	Simulation Cases
	Mean Throughput
	Cell Edge Throughput

	Baseline Rel-13 CB 8x
	0.649
	0.217

	Dominant Eigenvector
	0.993
	0.349

	Gain
	53%
	61%


Table 2: Throughput Gain with genie MU rate prediction for 16-ports 1D array
	Simulation Cases
	Mean Throughput
	Cell Edge Throughput

	Baseline Rel-13 CB 8x
	0.778
	0.246

	Dominant Eigenvector
	1.009
	0.356

	Gain
	30%
	45%


However, it shall be noted that the above throughput gains are based on an assumption of ideal eigenvector feedback. It is expected that the gain will be reduced if quantization is used for eigenvector feedback. The quantization of an eigenvector is not an easy job and the inaccurate quantization may incur some performance loss. The loss could be a concern for larger number of antenna ports since its requirement on CSI accuracy is expected to be higher. The uplink feedback overhead is another concern and a large feedback overhead will not be supported by the existing uplink channel such as PUCCH. Therefore, the disadvantages associated with high resolution CSI feedback shall be carefully considered and evaluated. 

3 Potential approaches for MU CSI enhancements
In this section we will discuss several possible approaches for high resolution CSI feedback that can be considered for further study and evaluation. 
Linear combination W2 codebook

The first is linear combination (LC) codebook proposed in [2] which is used to capture effects of multipath. Based on it, the precoder per layer can be represented as a combination of multiple DFT based precoding vectors. It can be seen that the LC codebook can be easily extended from the existing Rel-13 CB by designing a new W2 codebook. The existing W1 codebook can be reused, and the new W2 codebook is based on a combination of L basis vectors. If L=1 this codebook reduces to the non-LC codebook. In some aspects, this LC codebook is an approximation of the eigenvector feedback. Since the W2 codebook is subband/short-term, there is a limitation of the codebook size considering uplink feedback overhead and UE implementation complexity. 
Reduced spatial covariance feedback
The explicit CSI feedback such as spatial covariance feedback was proposed in the previous study as a means to improve MU-MIMO performance. It was proven that the long-term statistical spatial covariance feedback can greatly improve MU-MIMO performance especially for correlated antenna configurations. Because the spatial covariance feedback can enable best beamforming to mitigate the cross-user interference and facilitate more accurate rate prediction. However, for FD-MIMO with a large number of antenna ports, it is more challenging to feedback the spatial covariance using the element-wise quantization. To reduce the overhead, we can consider compress the spatial covariance for dimension reduction by utilizing channel characteristics. In most cases, we only need the essential path information representing signal subspace. That it, for Nt x Nt channel covariance R, the dimension reduction is obtained by projecting R into the subspace indicated by a Nt x N matrix Q which consists of N orthogonal basis vectors, e.g., A = QH * R* Q. Compared to the original matrix R, the matrix A of size N x N has a small dimension. It can be seen that eigenvectors of R can also be approximated by the product of the matrix Q and eigenvectors of A, e.g., eig(R) = Q * eig(A). If the matrix Q is known to both eNB and UE, only the low dimension matrix A is reported. Additionally, eNB could use the estimated eigenvectors of R for CSI-RS precoding, and UE reports the short-term RI/CQI/PMI based on the precoded CSI-RS. This could further improve the performance.
Analog feedback for explicit H
Another CSI feedback enhancement approach is analog feedback, where the fading coefficients of the wireless channel are directly feedback in the uplink using analog transmission methods. The feedback symbols are generated directly from DL channel estimate, and therefore analog CSI feedback is a kind of un-quantized feedback approach. In principle, only one feedback symbol per transmit antenna is required. However, for LTE system, the available bandwidth is typically larger than coherent bandwidth, and therefore the feedback of channel state information per RB or subband is thus needed greatly increasing the feedback overhead. Although it is possible to utilize the sparsity property of the spatial, time and frequency domain channel impulse response and to compress the feedback, the required overhead is still very large. It is also noted that uplink reference signal and physical channel need to be redesigned to support analog feedback. The specification impact of analog feedback would be much larger than the other two approaches.
Interference measurement enhancements
It was also proposed to enhance interference measurement for MU-MIMO, such as enabling interference estimation from NZP or ZP CSI-RS. However, we see several drawbacks with this approach. Firstly, a reuse factor of 2 or 3 is typically applied to NZP CSI-RS to improve channel estimation performance. When NZP CSI-RS is colliding with ZP CSI-RS of neighboring cells, the interference estimation from NZP CSI-RS cannot correctly represent inter-cell interference level and UE may report an aggressive MCS too high for channel which results in system throughput degradation. Enabling interference estimation from NZP CSI-RS will mandatory to disable cell reuse for NZP CSI-RS, which not only degrades CSI-RS channel estimation but leads to inaccurate interference estimation due to potential signal power leakage. Secondly, for IMR based interference measurement, eNB could have the flexibility to control the interference measured on IMR. For example, the eNB could project multi-user interference on the IMR REs so that multi-user interference is considered in the reported CSI. However, this kind of flexibility cannot be supported by NZP CSI-RS based interference measurement. Therefore, we think there is no need to enhance interference measurement for MU-MIMO.
Proposal: 
· Further study is needed to justify the need for high resolution CSI feedback for MU-MIMO based on reasonable performance & complexity tradeoff
· There is no need to enhance interference measurement for MU-MIMO, e.g., enabling interference estimation from NZP or ZP CSI-RS
4 Conclusions
In summary, we presents our view on potential enhancements on CSI reporting to support efficient multi-user transmission for eFD-MIMO. Based on the discussion, we make the following proposal:

Proposal: 

· Further study is needed to justify the need for high resolution CSI feedback for MU-MIMO based on reasonable performance & complexity tradeoff
· There is no need to enhance interference measurement for MU-MIMO, e.g., enabling interference estimation from NZP or ZP CSI-RS
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6 Appendix

Table 1 System simulation assumptions
	Parameter
	Value

	Scenario
	3D-UMi (200m ISD) 

	System bandwidth
	10MHz

	Carrier frequency
	2GHz

	eNB Antenna configuration
	(M,N,P, Q)=(8,8,2,16) 
Cross-polarization: +/-45 degrees

	UE antenna configuration
	2 RX with X-Pol

	UE mobility 
	3km/h

	Traffic model
	Full buffer

	UE association
	RSRP on CRS port0 with 3dB handover margin

	MIMO configuration
	Dynamic SU/MU: rank adaptation

Up to 2 layers for each UE and up to 4 layers per cell

	Scheduling algorithm
	PF

	Receiver
	MMSE-IRC receiver

	CSI feedback 
	PUSCH Mode 3-2, 5ms CSI delay

	Overhead
	CRS, PSS/SSS, DMRS, PCFICH, PDCCH, CSI-RS
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