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Introduction
In 3GPP RAN1 #84bis, a variety of advanced CSI schemes including analog CSI feedback [1], linear combination codebook [2] etc were proposed and discussed. A WF on the Rel-14 advanced CSI was proposed with the following conclusions [3]:
Conclusions:
· Evaluate proposed advanced CSI schemes
· Baseline for comparison:
· Implicit CSI feedback based on Rel.13 codebook (as well as its extension to >16 ports) or other legacy codebooks if applicable
· Performance and feedback overhead should be provided
· Simulation scenarios:
· FTP model 1 with 70% and 50% traffic loading
· Evaluations should include dynamic switching between MU- and SU-MIMO 
· Other simulation details can refer to 36.897 EB/FD MIMO SI 

Candidates for PMI Enhancement:
· Codebook based (implicit feedback)
· Linear combination codebook (enhanced W2) for Non-precoded CSI-RS and beamformed CSI-RS
· MU CSI (e.g., additional i1, i1,1, or i1,2) 
· Other new or modified codebooks
· Explicit feedback 
· Channel quantization 
· Eigenvector quantization
· Covariance matrix quantization
· Analog feedback
· Note: other schemes are not precluded

Candidates for CQI Enhancement:
· CQI Derivation 
· Interference estimation based on NZP CSI-RS
· MU-CQI conditioned on MU hypotheses and CSI-IM
· Reduced CQI feedback delay
· Note: other schemes are not precluded

In this contribution, we discuss the advanced CSI for MU-MIMO using spatial covariance matrix quantization. A compressed approach is proposed to reduce the feedback overhead along with joint utilization with hybrid CSI-RS. Initial evaluation results are also provided for the proposed scheme.
Discussion
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. 
According to [3], advanced CSI for MU-MIMO can be based on either enhanced implicit CSI such as using linear combination DFT codebook, or explicit or analog CSI. For linear combination (LC) codebook, a precoder per layer is represented by a combination of multiple DFT beams associated with W1 codebook. Therefore, a new W2 codebook for linear combination and polarization co-phasing shall be defined. However, it is noted that the number of feedback bits for W2 codebook will be increased, e.g., from 4 bits to 6 bits or more. Since W2 codebook is subband/short-term, the increased W2 codebook size will have a big impact on uplink feedback overhead and UE complexity. 
Analog feedback is another approach that can be considered. 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 without quantization. For LTE, system bandwidth is typically larger than channel coherent bandwidth. Therefore, the analog feedback for each transmission antenna is required for each RB or subband thus greatly increasing feedback overhead. It is not known whether the existing uplink reference signal and physical channel can accommodate such large feedback overhead. In addition, the amplitude of channel coefficient per antenna may vary greatly resulting in dynamic received SINR. The impact on received signal quality needs to be carefully investigated. In general, the specification impact for analog feedback would be much larger.
Explicit CSI feedback including eigenvector and spatial covariance matrix quantization is another approach to improve MU-MIMO performance. The spatial covariance matrix can enable best beamforming to mitigate the cross-user interference and facilitate more accurate rate prediction. It was proven in the previous study that even with the long-term statistical spatial covariance feedback there is significant performance improvement for MU-MIMO. However, for FD-MIMO with a large number of antenna ports, the element-wise or vector quantization of the spatial covariance is not possible due to extremely large feedback overhead. Dimension compression shall be used to reduce the feedback overhead. 
Since in most cases, we only need the essential path information to represent the channel. Therefore, we can compress the spatial covariance matrix for dimension reduction by utilizing channel characteristics. 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). The estimated eigenvector can be utilized for UE specific CSI-RS precoding, and the short-term RI/CQI/PMI based on the precoded CSI-RS is reported by UE for link adaptation. Therefore, only a long-term feedback of the matrix A is required.
The Nt x N matrix Q can be constructed from a set of orthogonal DFT vectors, e.g., , where , , and .  and  are the number of antenna ports in 1st and 2nd dimension respectively.  and  are the oversampling factors producing overlapping DFT beams. 
A subset of the DFT vector  is chosen as the column vector for the matrix  used to compress the spatial covariance matrix according to the following steps:
· Step 1: find the dominant DFT vector, e.g., 
· Step 2: determine a set of DFT vector orthogonal to the selected DFT vector in step 1, e.g., , where  and 
· Step 3: down-select the orthogonal DFT vectors by removing the DFT vector with smaller values, e.g., 
	, where T is a threshold.
Once the set of basis vector  is determined UE shall feedback the index of the determined basis vector   and also the number of basis vectors.  The low dimension matrix  can be computed by. To feedback matrix , the element-wise quantization method can be used. The feedback overhead can be reduced by utilizing Hermitian symmetry. For example, for 4x4 matrix, only 10 unique entries, e.g., 4 real values for diagonal entries and 6 complex entry for the off-diagonal entries need to be quantized. Table 3 shows total feedback overhead for the proposed compressed R approach for the case of 32-ports with port layout (4, 4, 2). Here we assume the compressed R feedback captures correlation of only antennas on the same polarization, e.g., same R for both polarizations. The feedback of the index of the DFT basis vector can be based on existing Class A codebook Config1. Four orthogonal DFT vectors are selected to compress the spatial covariance matrix. 4 bits or 5 bits are used for the element-wise quantization of matrix A. 
Table 1: Overhead estimation for the compressed R feedback (N=4)
	(N1, N2, O1, O2)=(4,4,4,4)
	4 bits quantization
	5 bits quantization

	Indices of basis vector
	4x8=32 bits
	4x8=32 bits

	Coefficients of  matrix 
	4x4+6x2x4=64 bits
	5x4+6x2x5=80 bits

	Total overhead
	96 bits
	112 bits


In Figure 1, the proposed compressed covariance feedback scheme along with joint utilization of hybrid CSI-RS is illustrated. It can be seen that the feedback of orthogonal basis vector and low dimension matrix A can be on the long-term basis to reduce the uplink feedback overhead and also UE complexity.
[image: ]
Figure 1:  System diagram of hybrid CSI-R with compressed R feedback
For CQI enhancement, one proposal is to enhance interference measurement, such as enabling interference estimation from NZP CSI-RS, or using aperiodic IMR. However, we see several drawbacks for interference measurement based on NZP CSI-RS. Firstly, cell reuse may be applied to NZP CSI-RS to avoid sequence collision and 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 an aggressive MCS too high for channel is reported, which results in system throughput degradation. Enabling interference estimation from NZP CSI-RS will disable cell reuse for NZP CSI-RS, which will seriously degrades CSI-RS channel estimation. 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, enabling interference from NZP CSI-RS is not preferred. On the other hand, if enhancement is needed, we can consider to enable interference measurement on DMRS. Since DMRS is not periodically transmitted, the enhanced interference measurement may be used only for aperiodic CSI reporting. Another benefit for DMRS based CQI reporting is to enable fast CSI feedback which can be combined with pre-scheduling to improve MU-MIMO performance.
Proposal 1: Enabling interference estimation from NZP CSI-RS is not preferred. If enhancement is needed, then interference measurement based on DMRS can be considered.
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In this section, system level evaluation results are shown for the proposed compressed R feedback scheme. A 32 TxRUs with port layout (4, 4, 2) which is virtualized from 64 elements 2D cross-polarized antenna array (M, N, P) = (8, 4,2) is chosen for the evaluation. FTP traffic with 50% load and dynamic switching between SU-MIMO and MU-MIMO are simulated. Other simulation assumptions are based on [4]. 
The implicit CSI feedback based on Rel.13 codebook extension is selected as baseline. For the proposed scheme, 4 orthogonal DFT vectors are selected for channel compression. We evaluate 4 bits and 5 bits quantization for matrix A and compare it with ideal quantization method. Results for 3D UMi are reported in Table 2. As seen from the table, the quantization has a big impact on the performance gain. The ideal quantization can provide average throughput gain of 10-12% and relatively larger cell edge throughput gain of 15%. If quantization is applied, 5 bits quantization achieves a similar performance as the ideal quantization, but there is a noticeable performance loss for cell edge user throughput for 4bits quantization. 
Table 2: Gain over Rel.13 class A codebook feedback in 3D-UMi
	32TxRU, (4,4,2)           Config-2, (O1, O2)=(4,4)
	5%-tile
	50%-tile
	Mean (Mbps)

	Ideal quantization
	15.0%
	11.6%
	10.4%

	5 bits uniform quantization
	11.3%
	11.0%
	9.6%

	4 bits uniform quantization
	5.7%
	10.2%
	8.3%



Proposal 2: Consider the proposed compressed R feedback for MU CSI enhancement.
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In summary, we discuss potential advanced CSI schemes to support efficient multi-user transmission for eFD-MIMO. Based on the discussion, we make the following proposal:
Proposal 1: Enabling interference estimation from NZP CSI-RS is not preferred. If enhancement is needed, then interference measurement based on DMRS can be considered.
Proposal 2: Consider the proposed compressed R feedback for MU CSI enhancement.
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