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Introduction
In 3GPP RAN1 #85, it was agreed to support specification enhancement for advanced CSI for MU-MIMO. A variety of advanced CSI candidate schemes were proposed for down-selection [1].
Agreements:
· Advanced CSI
· Specify enhancement on CSI reporting to improve eNB precoding. The specified enhancement is to be selected from the following categories:
· Enhancements to Rel-13 feedback codebooks (FFS which numbers of antenna ports from the set {8, 12, 16, 20, 24, 28, 32}) that increase CSI resolution through improved beam selection / construction in W1 and/or improved beam/port selection / combining / weighting mechanisms in W2 
· Parameters representing channel coefficients, or some reduced space representation thereof including beam combining / weighting with coefficient quantisation or channel quantisation or channel covariance matrix quantisation
· Uplink physical channel enhancements to carry the representation of channel coefficients can be included if selected
· Also, interference measurement enhancement can be considered 

In this contribution, we further discuss the advanced CSI for MU-MIMO and provide our views on down-selection of the schemes for specification enhancements. System evaluation results are also provided to compare the performance of different schemes.
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 [1], candidate PMI enhancement options for advanced CSI for MU-MIMO included 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. Discussion of such linear combination codebook has been provided in contributions such as [2],[3]. In order to achieve a good performance of linear combination codebook, a two stage precoder needs to be defined which construct the beam/port selection, coefficient as well as coefficient. Since W2 codebook is subband/short-term, the increased W2 codebook size will have a big impact on uplink feedback overhead and UE complexity. It can be noticed in [2][3] that a total overhead in W2 will be increased by 3~4 bits per subband, as compared with Rel.13 clsas A W2. 
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 1 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. 
It is noted that the proposed compressed R feedback can be used for both Class non-precoded CSI-RS and hybrid Class A and Class B feedback. For Class A non-precoded CSI-RS, the compressed R feedback can be used to improve SLR precoding for better interference nulling. If it is used with hybrid Class A and Class B, then compressed R feedback can be utilized to precode UE specific beamformed CSI-RS for improving fine CSI reporting. Figure 1 shows one example of joint utilization of hybrid CSI-RS and the proposed compressed R feedback. 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.
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Figure 1:  System diagram of hybrid CSI-R with compressed R feedback
As shown in previous section, the feedback of the reduced dimension R can be used to precode UE specific beformed CSI-RS. Therefore UE will see multiple BF CSI-RS ports each corresponding to one eigen-direction of the R. The legacy Rel-13 Class-B codebook can be used for feedback. However, it only supports beam selection and co-phasing. For spatial rich channel, enhanced Class B codebook can be considered by adopting linear combination for beamformed CSI-RS ports to further improve system performance. Since the number of beamformed CSI-RS ports is limited to 8, the total codebook size is much smaller compared to linear combination codebook for Class A. An illustration of linear combination codebook of 4 ports is as below for four CSI-RS ports.
, where   refers to the 1st/2nd beam’s weight obtained from reduced dimensional R. Rank1 and Rank 2 precoder of , can be formulated as follow. 



In the formulation,  refers to the power weight and coefficient of 2nd beam,  is the cophasing that applied to both 2 beams. Final precoder is then constructed as . Considering a 2 bit quantization for both power weight, coefficient and cophasing, a total overhead of 6 bits per subband is then required. Further reduction is possible by allowing  to be defined and carried on wideband.
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Figure 2:  Linear combination W2 codeword with beamformed CSI-RS
Observation 1: Compressed R feedback can be used for both Class A NP CSI-RS and hybrid Class A and Class B. 
Observation 2: For hybrid CSI-RS with compressed R feedback, W2 codebook can be either legacy Rel-13 codebook or enhanced linear combination codebook.
If the compressed R feedback is used for Class A, UE may need to report both compressed R and the legacy CQI/PMI/RI. The report of the compressed R can be on long-term basis and the report of CQI/PMI/RI is same as the legacy using SU assumption. On the eNB side, the feedback CQI/PMI/RI can be used to estimate the channel gain for computing the SLR precoder and MCS rate estimation. Although the CQI is still based on a PMI, the potential performance due to inaccurate CQI estimation is expected to be marginal. Therefore there is no need to introduce a new CQI for compressed R feedback which may require lots of specification work.
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Figure 3:  Non-precoded CSI-RS based CQI/PMI feedback illustration
In [4], an explicit channel quantization feedback scheme was proposed. The general concept is similar to the proposal above, which reduce the channel dimension through several strongest orthogonal DFT basis.  The channel after reduced dimensional is directly feedback to eNB after quantization, in subband level granularity. Thus the higher resolution channel can be obtained with increasing number of DFT basis, and quantization levels. The quantization and performance with explicit channel feedback has been discussed in [4]. To achieve an optimal performance, CQI definition of such explicit channel feedback needs to be modified. It can be obtained by calculating eigenvectors of the reduced dimensional channel, which is different from today’s CQI definitions. 
Observation 3: Channel quantization feedback with reduced dimension can deliver optimized CSI feedback with extra feedback overhead. New definition of CQI may be required.
In Table 1 we summarize the overhead of existing proposals [2][4] for comparison. A total overhead of 50ms with 8 subbands per 5ms feedback was considered for fair comparison. It needs to be emphasized that the W1 feedback of the proposed compressed R feedback has a feedback periodicity of 50ms. It is observed that total overhead of our proposal is lower than the codebook designs in [2],[4].

Table 1 Overhead bits in W1 and W2, (M,N,P,Q)  = (8,4,2,32), (O1,O2) = (4,4)
	
	W1 bits
	W2 bits
	Total overhead (8 sub-bands, 50ms)

	Rel.13 Config 3
	6
	4
	380

	Linear combination codebook [2]
	6
	8
	700

	LC-CB with implicit CSI [3]
	8
	7
	640

	Explicit channel quantization feedback (4 beams,6bit quant) [4]
	20
	96
	7880

	Proposed compressed R feedback (4 beams,6bit quant, linear combine W2)
	65
	6
	545


Performance evaluation
[bookmark: _Ref378529477]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 [6]. 
The implicit CSI feedback based on Rel.13 codebook extension is selected as baseline. The codebook and feedback overhead is in accordance with designs in Table 1. It is reveals that explicit channel feedback after reduced dimension achieves most gain over the others, however the excessive large overhead bring concerns on how to actually feedback the CSI.  Linear combination W2 with covariance matrix feedback can bring another over 15% cell edge gains with more accurate CSI. In general, reduced dimension covariance matrix feedback have good performance and overhead tradeoff among selected candidates. 

Figure 4: Gain over Rel.13 class A codebook feedback in 3D-UMa
Observation 4: Compressed R feedback have good performance and overhead trade-off among candidates advanced CSI enhancement options.
Proposal 1: Consider the proposed compressed R feedback for MU CSI enhancement.
Conclusions
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 observations and proposal:
Observation 1: Compressed R feedback can be used for both Class A NP CSI-RS and hybrid Class A and Class B. 
Observation 2: For hybrid CSI-RS with compressed R feedback, W2 codebook can be either legacy Rel-13 codebook or enhanced linear combination codebook.
Observation 3: Channel quantization feedback with reduced dimension can deliver optimized CSI feedback with extra feedback overhead. New definition of CQI may be required.
Observation 4: Compressed R feedback have good performance and overhead trade-off among candidates advanced CSI enhancement options.
Proposal 1: Consider the proposed compressed R feedback for MU CSI enhancement.
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gain over Rel.13 classA CB, 3D-UMA @ 50% loading
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