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1. Introduction
In RAN1#86b, several CSI feedback framework design principles have been agreed.  
 Agreements:
· CSI-related settings consisting of:
· CSI reporting settings
· CSI parameter can be independently configured, e.g. time and/or frequency granularity, FFS: ON/OFF
· FFS: Details of configurability
· Definition of CSI parameters (e.g., CQI, PMI, RI) is FFS
· RS (at least for CSI measurement) settings, e.g. CSI-RS (CSI-IM as a special case)
· FFS: Other RS for CSI measurement
· CSI measurement settings 
· To configure which RS setting is used for a particular CSI reporting setting
· Study the case where a UE can be configured with:
· N CSI reporting settings
· M RS (for CSI measurement) settings
· CSI measurement setting configures mapping/linkage between N CSI reporting and M RS settings

In this contribution, we discuss a generic MIMO feedback framework, applicable to multiple Tx panel configurations and multiple channel conditions.
 
2. NR CSI Feedback Framework
The CSI-RS overhead has been a long lasting challenge for UE specific CSI-RS design especially with a large number of users in the network. There are different techniques to reduce the overhead, such as using aperiodic CSI-RS, building a CSI-RS resource pool for multiple users to share, etc… 
[bookmark: _GoBack]Since the total MIMO channel can be described using several CSI components, component specific CSI-RS should be introduced to reduce the total overhead. For example, for an 8x8 co-pol antenna ports, 8*8 = 64 CSI-RS ports are needed to describe the total channel, but expressing the channel as a Kronecker product of its horizontal and vertical components, the number of CSI-RS ports needed is reduced to 8+8 = 16 CSI-RS ports. 
General MIMO channels can be decomposed into 3 component covariance matrices based on the structure of the channels’ covariance matrix. The component covariance matrices are the channel covariance matrix in the Horizontal domain (H-domain), the channel covariance matrix in the Vertical domain (V-domain) and the channel covariance matrix in the Uncorrelated domain (U-domain). Each of the component domains characterizes how the PMI changes (in time and frequency), and the type of precoders that are optimal. The H, V and U domains are extracted from the structure of the channel covariance matrix as follows 
                                                          (1)
Where , ,  are respectively the Vertical domain covariance matrix of size NvxNv, the Horizontal domain covariance matrix of size NH x NH and the uncorrelated domain covariance matrix of size NU x NU, such that NV x NH x NU is equal to the total number of transmit antennas. 
The three component covariance matrices characterize the covariance of the MIMO channel matrix which is highly related to the antenna structure, particularly the correlation between antenna elements and the channel angular spread. The H and V domain represent the channel response between the antennas within correlated distance, and the U domain represents the channel between uncorrelated antennas, e.g. antennas in different sub-panels, different cross-polarizations or different TRPs. Examples of the three different domains are illustrated in Figure 1.
The CSI feedback format, payload bits and quantization method could be very different for different domains, depending on the antenna panel structure at the transmitter and the characteristics of the channel.
An example of optimal CSI feedback for each domain is as follows:
· Wideband DFT based precoders with long term feedback are optimal for H and V domain (allocate few bits to this domain)
· Sub-band GLP/RVQ precoders with short term feedback are optimal for U domain (allocate more bits to this domain)
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Figure 1: Decompose MIMO channel into H, V and U domains

By decomposing the total channel covariance matrix into 3 domains, the generic CSI feedback framework can be described in the following steps
1. gNB (or other node in the network) configures separate CSI-RS resources for UE to measure on each domain. Note that the time-frequency granularity of the CSI-RS for the different domains can be different, i.e. more dense RS for one domain compared to others. 
2. gNB further configures several candidate feedback formats for UE to select from. Typically all the configured candidate feedback formats has similar total pay-load bits so that all the feedbacks can fit in the same UL feedback channel.  A feedback format in this context includes CSI formats in each domain and/or channel quality information (CQI) to be included. The channel quality information is associated with a transmission hypothesis. Below is an example of a feedback format:
a. H domain (4 CSI-RS ports): wideband 2 bits PMI based on DFT codebook (small oversampling rate); 
b. V domain (4 CSI-RS ports): wideband 4 bits PMI based on DFT codebook (Larger oversampling rate); 
c. U domain (matrix size 1*2): Subband (subband size= 4 PRB) 2 bits PMI based on co-phase rank=1 codebook; 
d. CQI: subband 4 bits CQI report, transmission hypothesis is closed loop MIMO using the PMI report from H, V, U domain; .
3. When gNB triggers aperiodic CSI feedback, UE should measure the CSI-RS of each domain, and then UE selects the best format to feedback. The selected feedback format will be indicated to gNB together with the payload bits but with a separate encoding; gNB can then decode the format index to understand the format of actual payload bits. 
a. The final feedback includes: 1. Format index, 2 feedback payload bits. 

There are several possible use cases for such a flexible multi-domain feedback, such that each use case entails a different feedback format, and a different decomposition of the total channel covariance matrix.

3. Channel Covariance Matrix Decomposition
We consider different transmission scenarios, and we show how the channel covariance matrix can be decomposed into a kronecker product structure of H, V and U domain component matrices.
The problem of determining whether (1) is an appropriate model for the channel covariance matrix is closely related to the problem of estimating the component matrices ,, , of    according to (1) and finding the closest approximation of the original matrix  using the Kronecker product structure.
We proceed to construct the component matrices ,,  by finding the closest approximation of   using a Kronecker structure, in a two-step approach. The first step approximates the sample covariance matrix as a kronecker product of the combined H and V domain and the general uncorrelated U-domain. The second step decomposes the combined H and V domain into a Kronecker structure of H-domain and V-domain, and the general U-domain into a Kronecker structure of the effect of different uncorrelated domain components – the cross-polarization, the effect of different subpanels separation, the effect of non-colocated different TRPs, etc.., when applicable. 
To derive the U-domain component of the kronecker decomposition of the sample covariance matrix, we consider two approaches. The first approach is to decompose the long term covariance matrix with the constraint that the diagonal elements of the U-domain matrix components are equal. The second approach is to decompose the covariance matrix, without the equal diagonal constraint. 



We calculate the normalized root mean square error, in the Frobenius norm sense, to evaluate the mathematical closeness of the approximate kronecker structure to the actual sample covariance matrix as follows

From an ergodic capacity analysis perspective, it is sometimes sufficient to derive the closeness of the eigenvalue distribution of the channel correlation matrix, to that of the derived kronecker model. To evaluate the viability of our model from a capacity perspective, we compute the eigenvalue distributions of the sample channel covariance marix  and that of the Kronecker product model .
In addition to the presented decomposition, for a wideband sample covariance matrix, assuming three CSI-RS feedback processes in wideband, we also perform the same decomposition of the sample subband covariance matrix, and derive the  kronecker model based on a wideband H, V domain covariance components, and a subband U-domain covariance component, based on a subband sample covariance matrix. 
We present evaluation results and discuss the different decompositions in Section 4.
4. Channel Covariance Matrix Decomposition Examples
The two-step procedure is used to decompose different types of channels, with different H, V and U domain sizes and different transmit antenna elements configurations. We consider, for our evaluation, the cases illustrated in Figure 2, respectively  in LoS and NLoS modes and Indoor and Outdoor environments.
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Figure 2: Transmit antenna panels considered for evaluation. (a) Considers uncorrelated domain having only the effect of cross-pol (b) considers two colocated subpanels (c) considers four subpanels located in co-located panels


Figure 2 illustrates the antenna panel structures used for this evaluation. We consider three cases. Case (a) shows U-domain with only effect of cross-polarization, by considering one calibrated antenna subpanel of TxVxTxHxTxU = 4x4x2 . Case (b) shows transmission from two co-located subpanels, such that the distance between the two subpanels is around 10 . Case (c) considers transmission from 4 co-located subpanels uniformly spaced with distance between subpanels = 10 .
Table 1 computes the median NRMSE for the different cases in Figure 2, for LoS and NLoS long term channel covariance samples, respectively.
The wideband error illustrates the NRMSE we get from the decomposition algorithm, taking into account the structure of the covariance matrix, and assuming equal U-domain diagonal elements. The subband error illustrates the same error assuming a wideband H, V-domain process but a subband U-domain process with equal diagonal constraint. The baseline error shows NRMSE from calculating the kronecker product approximation in the min. Frobenius norm sense, with non-equal U-domain diagonal elements. 
Table 1: Error evaluations based on the proposed decomposition for wideband and subband sample channel covariance matrix
	
	Error (min. Frobenius norm)
	Wideband Error (min. Frobenius norm and equal diag. U)
	Subband Error (min. Frobenius norm and equal diag. U)

	Case (a) LoS
	0.1512
	0.2239
	0.2466

	Case (a) NLoS
	0.4250
	0.5652
	0.6266

	Case (b) LoS
	0.1578
	0.2062
	0.2388

	Case (b) NLoS
	0.4652
	0.5462
	0.6036

	Case (c) LoS
	0.3130
	0.3205
	0.3307

	Case  (c) NLoS
	0.6487
	0.7042
	0.7561



The  numbers in Table 1 show that the kronecker model of the channel covariance matrix is not necessarily mathematically close to the sample channel covariance matrix. For LoS channels, the approximate kronecker model is closer to the sample covariance matrix than NLoS channels. This error increases when the U-domain matrix component is constructured with equal diagonal elements. The subband error is clearly larger than the wideband error given that the kronecker structure is formed by combining wideband processes with subband processes.
Figure 3 and Figure 4 plot the largest eigenvalue distributions for the sample covariance matrix  and the Kronecker product model . We compare the decomposition with and without equal diagonal elements on the U-domain components, for cases (a) and (b), for LoS and NLoS channels, respectively. We observe, from Figure 3 and Figure 4, a similarity in the eigenvalue distribution of the covariance matrix  and the kronecker product , especially for the LoS channels. The similarity translates into a closeness in the throughput, when using the proposed CSI feedback framework. The distribution of the kronecker model with equal diagonal U-elements has a visible deviation from the distribution of the sample covariance matrix for the LoS channels. For the NLoS channels, further analysis needs to be conducted to understand the behavior of the channel, not just from a Tx Antenna panel structure point of view.
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Figure 3: CDF of dominant eigenvalue of sample covariance matrix and the kronecker product model - LoS
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Figure 4: CDF of dominant eigenvalue of sample covariance matrix and the kronecker product model - NLoS


Observation 1: MIMO Channel Covariance Matrix can be decomposed into a Kronecker structure of components in Horizontal, Vertical and Uncorrelated domain with acceptable error. 
Observation 2: U-domain CSI-RS process needs to take into account the difference in the diagonal elements of the U-domain component matrix.
Further analysis is needed on other types of channels to confirm the viability of the kronecker product structure of the sample total covariance channel matrix. 
Proposal 1: NR CSI feedback framework should describe MIMO channel by multiple CSI components, we suggest to describe channel using components in Horizontal, Vertical and Uncorrelated domain separately. 

5. Conclusion
In this contribution, we present our CSI feedback framework for NR and evaluate its viability. In particular, we divide the total MIMO covariance channel into a kronecker product of multiple components, corresponding to horizontal, vertical and uncorrelated domain. The CSI feedback granularity for each component can be adjusted by the UE dynamically. We make the following observations and proposal.
Observation 1: MIMO Channel Covariance Matrix can be decomposed into a Kronecker structure of components in Horizontal, Vertical and Uncorrelated domain with acceptable level of error. 
Observation 2: U-domain CSI-RS process needs to take into account the difference in the diagonal elements of the U-domain component matrix.
Proposal 1: NR CSI feedback framework should describe MIMO channel by multiple CSI components, we suggest to describe channel using components in Horizontal, Vertical and Uncorrelated domain separately. 
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