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1. Introduction
  In RAN #71, a new WI is set to improve the performance of FD-MIMO [1], and one of the target includes that:
· 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
  When the number of antenna is increased, e.g. from 16 to 32, the accuracy of CSI will impact the system performance, especially for multiple user scenarios. It will impact whether the radio energy is converged toward the targeting UE, and whether the mutual interference among multiplex UEs is suppressed. In order to improve the system performance, the explicit CSI report is proposed so as to report the accurate CSI. 
2. Explicit CSI report
2.1 The system description of FD-MIMO 
  The FD-MIMO system can be described as:
                                                  (1)
where y, , , , and  represent  receiving vector,  channel matrix,  precoding matrix,  transmitting vector, and  noise vector, respectively. The matrix dimension number , , and  represent the number of receiving antennas, the number of transmitting antennas and the number of layers, respectively.
  Theoretically, the optimal precoding matrix  to achieve the maximum channel capacity as well as beam forming gain, is equal to the first L columns of the Eigen vector of the channel coherent matrix, which is:  
                                                         (2)
where  is the Eigen vector of . 
  There are two classes to support FD-MIMO in LTE. One type is CLASS A FD-MIMO, which one antenna element is mapped to one antenna port. UE estimates the full channel matrix by measuring non-beamforming channel state information reference signals (CSIRS) from all antenna ports, and report the derived CQI/PMI back to the eNB. However, the channel training overhead, i.e., reference signal and feedback overhead, would increase linearly with the number of antenna ports. On the other hand, the computation complexity is greatly increased to due to 1) estimating the channel information of all ports, and 2) optimal precoding matrix determination by exploiting all the candidate codebooks based on all possible rank assumption. The second type is CLASS B FD-MIMO, where the larger number antenna elements are virtualized into the smaller antenna ports, e. g. 8 ports. Then UE can derive and report the channel state information based on beamforming the CSIRS, which maintains the complexity and overhead in irrespective to the number of antenna elements.
  For the CLASS B FD-MIMO, the system can be expressed as 
                                       (3)
where  is the  vitalization matrix, which virtualizes the  antenna elements into  antenna ports;   is  precoding matrix, and can be determined by the reported PMI; and  represents  effective channel matrix. 
2.2 The calculation of precoding matrix
  For virtualization matrix , it should be designed to contain the dominant signal subspaces of all UE signals, so that radiated pattern of the beam formed ports aligns to the signal direction of UEs. Concretely, eNB estimates uplink channel matrix of each UE based on the uplink sounding reference signal, and calculates the composite channel covariance matrix according to:
                                                    (4)
where  is  the estimated uplink channel of UEi, and  denotes number of UEs in the cell served by this given eNB.
  Perform Eigenvalue decomposition on the composite channel covariance matrix, and extract the  strongest eigenvectors as . eNB will apply the virtualization matrix  to generate  beam formed CSIRS ports. 
  Next, UE measures the CSI based on beam formed CSI-RS ports, which is . Instead of regular phase difference, e. g. approximate , which is caused by difference of transmission distance of plane wave, the difference among beam formed CSIRS ports are randomly, and then the exist Kronecker codebook is not suitable. Also, the  direction of beam formed CSI-RS is derived based on the composite channel covariance matrix, so one single beam may not be suitable for one specific UE, which implies that the beam selection CLASS B K=1 codebook is not suitable.
  In order to realize accurate CSI feedback, the explicit CSI report is proposed. Perform Eigenvalue decomposition on the covariance matrix of effective channel, and extract  strongest Eigen vectors as the precoding matrix . Finally, UE quantizes the amplitude and phase of  using scalar quantization and feeds back the channel quality indicator (CQI) together with the quantized precoder to the eNB.
Proposal 1: For beam formed CSI-RS ports, explicitly report precoding matrix, e.g. the strongest Nl Eigen vectors of the beam formed channel covariance matrix, where Nl is the number of layers.

2.3 The system evaluation
  In order to evaluate the performance of the proposed algorithm, the system level simulation is performed, where the simulation parameters are listed in the appendix. The result is illustrated in the Figure 1, where the 16 ports CLASS A codebook [2] with Config=1, =4 and =4 is adopted for comparison. From the result, the proposed explicit scheme can achieve the similar spectral efficiency as the CLASS A. While the CSIRS ports number of the proposed scheme is smaller than that of the CLASS A scheme, which shows the reduced measurement overhead, especially for larger and larger antenna array, e. g. 24, 32. On the other hand, for CLASS A scheme, 1024 iterations are performed to traverse codebook candidates from rank 1 to rank 2, which will cause high computation complexity for UE.


[bookmark: _Ref450510562]Figure 1: Spectral efficiency of the proposed explicit CSI report
3. Quantization and Report of CSI 
3.1 The analysis of report overhead 
  During the proposed scheme in the section 2, the  precoding matrix  needs to be quantized and explicitly reported to eNB. The different columns of  are orthogonal, which can be utilized to reduce the report overhead. Firstly, mathematical transformation, e.g. Givens Rotation (GR) and HouseHolder (HH) Transformation, is performed on the precoding matrix , so as to recursively decrease the dimension of precoding matrix column by column.
  The recursive procedure of GR can be depicted as in the following steps:
1) Transform the last element of first column from the complex element to real element, where an example of 4×2 precoding matrix is expressed in the equation (5). Here this angle doesn’t need to be reported, since it doesn’t impact the beam direction of the first column.

        (5)
2) Transform the remaining elements of the first column into real elements by left multiplexing diagonal matrix  where the diagonal elements need to be quantized and reported.


        (6)
3) Recursively perform  iterative GRs, to transform the first column into a unitary vector, i.e. the first iterative GR can be expressed as:

                                       (7)
The  angle elements within  GRs will be quantized and reported. After that, the precoding matrix will be transformed as equation (8), where the first column is a unitary vector, and the dimension of other remaining columns are reduced.  


                                             (8)
4) Subsequently, the same procedure can be performed column by column. During the whole procedure, total  elements will be quantized and reported, e.g. 10 for 4×2 matrix, where  elements will be utilized to transform the complex vectors into real vectors, and  elements will be utilized to unitize the vectors.

  For HR transformation, the recursive procedure can be depicted as in the following steps:
1) Transform the first element of first column from the complex element into the real element. Here this angle doesn’t need to be reported.

          (9)
2) Perform HH transformation to transform the first column into the unitary vector. The HH vector  except the first element, e.g.  will be quantized and reported. It can be observed that, after HH transformation on the first column, the first element of the other remaining columns are zero, which means that the remaining elements need to be reported is reduced.  

            (10)
3) Subsequently, the same procedure can be performed on the second column, and so forth. During the whole procedure, total  complex elements, will be quantized and reported. Each complex element contains the real and imag part, so the total elements need to be reported is equal to , which is the same as the GR schemes.

Proposal 2: The Givens Rotation (GR) and Householder (HH) transformation can be adopted to reduce the report overhead. For  beam formed CSI-RS ports and rank Nl, total  elements are required to be reported for both schemes.

3.2 Even Quantization 
  For each element, -bits even quantization can be utilized. For example, one random amplitude variable  ranges from 0 to 1, then it can be split into  regions, as the following equation. 
                                          (11)

 The system level simulation of even quantization is performed with =3, and the simulation result is illustrated in the Figure 2. It is shown that the spectrum efficiency with/without quantization is very close, and implied that 3 bits quantization per element is sufficient. During the simulation, 8 beam formed CSIRS ports are simulated, and then the required total report bit number are equal to 42 and 78 for rank 1 and rank 2, respectively.






[bookmark: _Ref450512448]Figure 2: The spectral efficiency comparison between with/without Quantization 
Proposal 3: For even quantization, the quantization resolution of 3 bits per element is sufficient. Further overhead reduction can be considered.
3.3 Uneven Quantization 
  Although for a random variable, the possible value can range from  to , the distribution within [ ] is unequal, which can be utilized to implement uneven quantization to further reduce the report overhead.
  For GR transformation, the angle elements, which are required to be reported, can be divided into two groups. One group contains the angle elements to generate GR matrix, which are calculated recursively. One example of their cumulative distribution function (CDF) statistic for 8 ports and rank 1, is illustrated in the Figure 3. As the GR iteration goes on, the angle becomes more and more convergent, which can be leveraged to reduce the overhead. For the angles during the 4th ~ 7th iteration, the range can be reduced to [] before quantization, while the values larger than  will be restricted to . 
[image: ]
[bookmark: _Ref450512678]Figure 3: The CDF distribution of angles within different GR iteration
  For HH transformation, the complex elements in the HH vector are required to be reported. For each complex element, it can be described in the form of amplitude and phase. One example of the cumulative distribution function (CDF) statistic of the amplitude for 8 ports and rank 1 scene, is illustrated in the Figure 4. The figure shows that the valid amplitude range becomes smaller and smaller as index increased, which also can be leveraged to reduce the overhead. 
[image: ]
[bookmark: _Ref450512943]Figure 4: The CDF distribution of amplitude of elements in the HH vector
Proposal 4: The valid range of elements, which are required to be reported is unevenly distributed, which can be leveraged for uneven quantization to further reduce the report overhead. 
4. Conclusion
 In order to accurately report the CSI with maintained overhead and computation complexity, especially for larger and larger antenna array, e.g. 24 or 32, the explicit CSI report is proposed in this contribution. The following are proposed:
Proposal 1: For beam formed CSI-RS ports, explicitly report precoding matrix, e.g. the strongest Nl Eigen vectors of the beam formed channel covariance matrix, where Nl is the number of layers.
Proposal 2: The Givens Rotation (GR) and Householder (HH) transformation can be adopted to reduce the report overhead. For  beam formed CSI-RS ports and rank Nl, total  elements are required to be reported for both schemes.
Proposal 3: For even quantization, the quantization resolution of 3 bits per element is sufficient. Further overhead reduction can be considered.
Proposal 4: The valid range of elements, which are required to be reported is unevenly distributed, which can be leveraged for uneven quantization to further reduce the report overhead. 
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Simulation assumption
	Parameter
	Value

	Scenario
	UMa with 500 ISD and 2GHz

	eNB Antenna 
Configuration
	X-polarized: 45/-45 degrees

	
	

horizontal spacing; vertical spacing

	
	2D antenna pattern defined in TR36.873, (4,2,2)

	UE Antenna Configuration
	+ polarized: 0/+90 degrees, 2Rxs, 

	UE 
Configurations
	Speed: 3km/h

	
	UE attachment: Based on RSRP from CRS port 0

	
	UE distribution: 80% indoor and 20% outdoor only distributed on floor

	SRS Configuration
	2Tx at UE 

	System 
Bandwidth
	10MHz (50RBs)

	Scheduler
	[bookmark: _Toc439664579]PF

	Number of UEs per cell
	10

	traffic model
	[bookmark: _GoBack]Full buffer

	Transmit Mode
	SU, rank2 adaptation

	Receiver
	Ideal channel estimation

	
	MMSE-IRC receiver

	Hybrid ARQ
	Maximum 4 transmissions

	Feedback 
	PUSCH 3-1

	
	CQI and PMI reporting triggered per 5ms 

	
	Feedback delay is 5ms

	Overhead
	3 symbols for DL CCHs, 2 CRS ports and DM-RS with 12 REs per PRB
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