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1 Introduction

At RAN1#86bis meeting [1], it was agreed that:

· NR supports CSI reporting with two types of spatial information feedback

· Type I feedback: Normal 

· Codebook-based PMI feedback with normal spatial resolution

· Type II feedback: Enhanced 

· “Explicit” feedback and/or codebook-based feedback with higher spatial resolution

Therefore, explicit feedback has been agreed in Type II feedback. As defined in 36.814, explicit feedback is the channel feedback as observed by the receiver without assuming any transmission or receiver processing, including channel matrix (full matrix or its main eigen component(s)) and transmit channel covariance (full matrix or its main eigen component(s)). In this contribution, we discuss the usage and design of explicit feedback schemes, including codebook based channel covariance matrix feedback and analog CSI feedback. Simulation results are provided as well to demonstrate the proposed feedback schemes.  
2 Channel Covariance Matrix Feedback
2.1 Dynamic Spatial Dimension Reduction 
For massive MIMO at sub-6GHz, a transmission strategy with efficient spatial dimension reduction is proposed in [2]. In this scheme, a two-stage precoding method is considered for data transmission, in the form of
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· Dynamic spatial dimension reduction (DSDR): 
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For rectangle antenna array
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 wideband and long-term precoding matrix, targeting for the reduction of the spatial dimension from 
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). It is designed based on the wideband and long-term channel covariance matrices (full matrix or its main eigen components) of all served users, according to criteria such as maximum channel capacity. It is therefore cell specific and slow varying, represents a common beam space for all served users in each cell, and can be dynamically adjusted to the variations of users’ spatial properties.
· Multi-stream interference cancellation: 
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) subband and short-term precoding matrix for multi-stream interference cancellation, where 
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 denotes the number of data streams from one or multiple users transmitted on the same time-frequency resources. Dynamic switching between SU-MIMO and MU-MIMO is usually utilized to achieve maximum capacity, so 
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 can be obtained according to the precoding algorithms of SU-MIMO or MU-MIMO based on the measurement of subband and short-term effective channel 
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 with a lower dimension.
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Figure 1 Multi-stage precoding scheme of massive MIMO
To facilitate the above precoding scheme, a two-step CSI measurement and reporting is required [3], as illustrated in Figure 2, each step corresponding to one of the two precoding stages 
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· Step 1: measurement and reporting  for wideband/long-term channel covariance matrix (full matrix or its main eigen components), used for calculation of DSDR precoding matrix 
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;
· Step 2: measurement and reporting  for subband/short-term CSI (e.g. RI, PMI, CQI) of the reduced dimensional channel 
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.
Proposal 1: Feedback of channel covariance matrix should be supported in NR.
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Figure 2. Multi-step CSI measurement and reporting
The performance of the proposed two-stage precoding scheme (“DSDR”) is shown in Table 1 to demonstrate the throughput improvement for DL MU-MIMO with antenna configuration (8,8,2), compared to “subarray” scheme where C is a static matrix representing the TXRU-to-antenna virtualization. 32-port ideal CSI is assumed for both “subarray” and the second-step subband/short-term channel in “DSDR”. Details of the simulation assumptions are given in the Appendix A. 
Table 1 Performance of the proposed channel covariance matrix codebook
	Antenna Configuration
	Precoding Scheme
	Channel Covariance Matrix
	Cell Average SE
	Cell-edge SE 

	(8, 8, 2)
	“Subarray”
	-
	Baseline 
	Baseline

	
	“DSDR”
	Ideal
	+55%
	+62%


Observation 1: With ideal channel covariance matrix, the proposed “DSDR” scheme significantly outperforms the “subarray” scheme, with 55% cell-average gain and 62% cell-edge gain. 
2.2 Acquisition of channel covariance matrix
2.2.1 Kronecker product based reconstruction
Direct measurement and feedback of a large-dimensional channel covariance matrix definitely requires large CSI-RS overhead and quantization bits. Considering the high spatial correlation in a compact planar array usually deployed in massive MIMO systems, the channel covariance matrix can be approximated by the Kronecker product (KP) of several sub-channel covariance matrices with lower dimensions. Thus, to acquire the large-dimensional channel covariance matrix, it is preferable to measure and report the sub-channel covariance matrices considering the reduction on both CSI-RS and feedback overhead. Network can easily retrieve the entire channel covariance matrix based on the Kronecker product of these sub-channel covariance matrices. 
In details, as shown in Figure 3, the 
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 channel covariance matrix 
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 can be approximated by the Kronecker product of three sub-channel covariance matrices [3] in the following. 
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where 
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 is the 2x2 channel covariance matrix of 2Tx cross-polarized linear array (CLA) (1, 1, 2), capturing the correlation between two polarizations. 
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 channel covariance matrix of the horizontal uniformly spaced linear array (ULA) (1, N2, 1), and  
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 sub-channel covariance matrix of the vertical ULA (N1, 1, 1).
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Figure 3. Kronecker product based reconstruction of channel covariance matrix
Therefore, the first-step CSI measurement and reporting introduced in section 2.1 can be divided into three sub-steps as follows. 
· Sub-step 1.1: 2-port CSI-RS configuration for 2Tx CLA, measurement and reporting for channel covariance matrix 
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· Sub-step 1.2: N2-port CSI-RS configuration for horizontal N2-Tx ULA, measurement and reporting  for covariance matrix 
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· Sub-step 1.3: N1-port CSI-RS configuration for vertical N1-Tx ULA, measurement and reporting  for channel covariance matrix 
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The performance of the proposed KP-based scheme of channel covariance matrix acquisition above is evaluated for the “DSDR” scheme in Table 2. 32-port ideal CSI is assumed for both “subarray” and the second-step subband/short-term channel in “DSDR”. Details of the simulation assumptions are given in the Appendix A. 
Table 2 Performance of the proposed covariance matrix codebook
	Antenna Configuration
	Precoding Scheme
	Channel Covariance Matrix
	Subchannel Covariance Matrix
	Cell Average SE
	Cell-edge SE

	(8, 8, 2)
	“Subarray”
	-
	-
	Baseline
	Baseline

	
	“DSDR”
	Ideal
	-
	+55%
	+62%

	
	
	Proposed KP-based scheme
	Ideal
	+42%
	+54%


Observation 2: For the “DSDR” scheme, the proposed Kronecker-product based reconstruction of channel covariance matrix only has limited performance loss compared with ideal channel covariance matrix,  and still achieves significant gains (i.e. 42% cell-average gain and 54% cell-edge gain) over the “Subarray” scheme. 
Proposal 2: Kronecker-product based reconstruction of channel covariance matrix should be supported in NR.
2.2.2 Codebook design of channel covariance matrix
Methods should be studied in NR to quantize the three channel covariance matrices 
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, considering the tradeoff between performance and feedback overhead. The channel covariance matrix is a Hermitian matrix, so a precisely designed Hermitian-form codebook should be studied to limit the feedback overhead of channel covariance matrix. 
For example, the codebook of channel covariance matrix for a ULA  (1, N, 1) can be designed by
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where 
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) is the channel correlation parameter between two adjacent antenna elements, and 
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 is the relative  channel power of the (i+1)-th antenna element compared with the first antenna element. 
The three channel covariance matrices 
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in equation (2) can be respectively represented by
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In this way, a unified codebook structure could be sufficient for the quantization of the three channel covariance matrices, but with different parameter settings. With the parameter settings indicated, UE doesn’t need to know which type of antenna array it measures for. 
Proposal 3: Hermitian-form codebook for channel covariance matrix should be studied in NR.
3 Analog CSI Feedback
In the traditional CSI feedback mechanism for FDD system, the UE measures the downlink reference signal and then feedback the quantized channel state information, e.g. PMI. The quantization loss of the CSI is unrecoverable at the eNB side even if the channel condition for the CSI transmission is perfect. The quantized precoding matrix is selected from the codebook constructed with limited number of DFT vectors. Due to the restriction of DFT vector with constant modular and linear phase, the quantized precoding matrix can not reflect the real channel characteristic perfectly. In particular, MU-MIMO performance is extremely sensitive to the accuracy of the CSI. Even a small error in the channel state information can lead to the significant performance degradation. The quantization loss of the suboptimal quantized precoding matrix in FDD leads to the significant performance loss comparing with TDD system. As shown in Figure 4, the performance gap between 4Tx FDD and TDD is up to 32% for 50% UPT and 27% for 5% UPT due to the CSI quantization loss for FDD. 
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Figure 4. Performance gap between TDD and FDD for 4Tx with ideal channel estimation 
In contrast to the digital CSI feedback, the analog CSI feedback method feedback the unquantized CSI without quantization loss. The UE measures the downlink channel based on CSI-RS and implements SVD of the channel matrix to get the eigen vector as the unquantized CSI.
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Then the UE modulates each of the elements of the eigen vector onto a ZC sequence as shown in Figure 5. In addition, all the subband analog CSI can be reported simultaneously on the CSI feedback channel to reflect the whole channel characteristic as shown in Figure 6. Different UE’s analog CSI can be multiplex in the same resource with different cyclic shifts.
 [image: image49.png]



Figure 5. Analog CSI modulation with ZC sequence
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Figure 6. Subband analog CSI transmission 
The measurement for analog CSI feedback is based on CSI-RS as in FDD system, which has more robust channel estimation performance than that of SRS in TDD system. Furthermore, the feedback CSI is without quantization loss and it can be recovered at the eNB side as TDD system if the transmission condition is reliable. Given that, analog CSI feedback can jointly take the advantage of accurate CSI measurement of FDD system and the advantage of non quantization loss reporting in TDD system and thus it can provide significant performance improvement as illustrated in Table 3. The simulation assumption can be found in Appendix B.
Table 3 Evaluation results of analog CSI feedback
	CSI feedback
	Average UPT
	5% UPT

	R13 CB
	Baseline
	Baseline

	Analog CSI
	+31%
	+60%


Observation 3: Analog CSI feedback can achieve 31% cell average performance gain and 60% cell edge performance gain over the codebook based feedback and it should be supported. 
Proposal 4: Analog CSI feedback should be supported in NR. 
4 Conclusion

In this contribution, two promising schemes of type II feedback are discussed and demonstrated by system-level evaluation, including channel covariance matrix feedback and analog CSI feedback. Following proposals are made accordingly.  
Proposal 1: Feedback of channel covariance matrix should be supported in NR.
Proposal 2: Kronecker-product based reconstruction of channel covariance matrix should be supported in NR.
Proposal 3: Hermitian-form codebook for channel covariance matrix should be studied in NR.
Proposal 4: Analog CSI feedback should be supported in NR. 
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Appendix A. Simulation assumptions for channel covariance matrix feedback
	Parameters
	Values

	Scenarios
	Urban Macro

	Inter-BS distance 
	500m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	SCM-3D-UMA

	BS Tx power 
	46dbm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1); (dH,dV) = (0.8, 0.5)λ 

	BS TXRU mapping
	For “Subarray”: (MTXRU, N, P, Mg, Ng)=(2, 8, 2, 1, 1)

	BS antenna height 
	25m

	UE antenna configurations 
	2Rx ULA

	UE antenna height
	1.5m

	UE receiver noise figure
	9 dB

	Traffic model
	full buffer

	UE distribution
	80% Indoor, 3km/h, 20% Outdoor, 30km/h, 10 users per TRP

	Scheduler
	PF

	HARQ scheme
	CC with up to 3 retransmissions

	UE receiver type
	MMSE-IRC

	MIMO mode
	MU-MIMO with rank adaptation


Appendix B. Simulation assumptions for analog CSI feedback
	Parameters
	Values

	Scenario
	UMa with 500 ISD and 2GHz

	Antenna 

configuration
	16Tx(N1=4, N2=2), X-polarized: 45/-45 degrees

	
	2 Rx at UE with 
[image: image51.wmf]0.5
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X-polarized: 0/+90 degrees

	
	3D antenna pattern defined in TR36.897

	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 with
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X-polarized: 0/+90 degrees

	System bandwidth
	10MHz (50RBs)

	Scheduler
	PF

	Number of UEs per cell
	10

	Traffic model
	Burst buffer with 70% RU 

	Transmit mode
	TM10 with a single CSI process

	
	Max paired UE number: 2

	Receiver
	Non-Ideal channel estimation

	
	Non-Ideal interference modeling

	
	MMSE-IRC receiver

	Hybrid ARQ
	Maximum 4 transmissions

	Feedback 
	PUSCH 3-2 

	
	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

	Handover margin
	3dB
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