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1. Introduction
In RAN1 NR AdHoc, CSI feedback framework design principles have been agreed.  
Agreements:
· Refine the agreement on RS and IM settings as follows:
· “RS setting” is renamed as “Resource setting”, comprising configuration for signal for channel and/or interference measurement
· Remove “IM setting”
· Terminology clarification
· A UE can be configured with N≥1 CSI reporting settings, M≥1 Resource settings, and 1 CSI measurement setting, where the CSI measurement setting includes L ≥1 links
· Each of the L links corresponds to a CSI reporting setting and a Resource setting
· At least the following configuration parameters are signaled via RRC at least for CSI acquisition: 
· N, M, and L – indicated either implicitly or explicitly
· In each CSI reporting setting, at least: reported CSI parameter(s), CSI Type (I or II) if reported, codebook configuration including codebook subset restriction, time-domain behavior, frequency granularity for CQI and PMI, measurement restriction configurations
· In each Resource setting: 
· A configuration of S≥1 CSI-RS resource set(s) 
· Note: each set corresponds to different selections from a “pool” of all configured CSI-RS resources to the UE
· A configuration of Ks ≥1 CSI-RS resources for each set s, including at least: mapping to REs, the number of ports, time-domain behavior, etc.
· In each of the L links in CSI measurement setting: CSI reporting setting indication, Resource setting indication, quantity to be measured (either channel or interference)
· One CSI reporting setting can be linked with one or multiple Resource settings
· Multiple CSI reporting settings can be linked with the same Resource setting
· At least following are dynamically selected by L1 or L2 signaling, if appilicable
· One or multiple CSI reporting settings within the CSI measurement setting
· One or multiple CSI-RS resource sets selected from at least one Resource setting
· One or multiple CSI-RS resources selected from at least one CSI-RS resource set
· FFS until the next meeting about details of dynamic triggering

In this contribution, we present a flexible MIMO feedback framework, with component specific CSI-RS,  applicable to multiple resource settings and report settings, and scalable to multiple antenna panels per TRP.
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 and when the number of antenna ports is large. 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. While these technique do address the dimensionality of the problem as relating to number of users, it does not address the problem relating to the large number of antenna ports. The number of ports in the CSI-RS still scales with the number of antenna ports, making this design not scalable to very large arrays, especially when all digital beamforming is performed.
Since the total MIMO channel can be described using several CSI components as demonstrated in [1], [2], 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 [1],[2]. 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 in horizontal and vertical directions respectively, 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.
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Figure 1: Decompose MIMO channel into H, V and U domains

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. We discuss the type I and type II CSI codebook framework in our companion contribution [3]. 
3. Channel Covariance Matrix Decomposition
We consider different transmission panels structures and different channel conditions, and show how the channel covariance matrix can be decomposed into a kronecker product structure of H, V and U domain component matrices. The comparison of the entire channel and the decomposed channel is shown for the MSE between the covariance matrix [1],[2], eigen value distribution as well as the ergodic capacity of feedback based MIMO.
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.
[bookmark: _GoBack]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. 
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 derive the distribution of the dominant eigenvalues of the sample channel covariance marix ,  and we compare it to the distribution of the product of the dominant eigen values of the Kronecker product model  components;
.
The closeness in eigenvalue distribution translates into closeness in achievable throughput distribution for both considered correlation matrices. To show that, we compute the achievable capacity derived from the sample wideband and subband covariance matrices 

And we compare it to the achievable capacity derived from the kronecker product correlation matrices. 

Where  and  are the channel matrices obtained by including the effect of the channel spatial correlation matrix, and  is a i.i.d normal random matrix. 
We also derive the capacity assuming rank-1 transmission with eigen based beamforming for both the sample covariance matrix, and its kronecker product component decomposition.
In addition to the decompositions assuming same frequency granularity for the different CSI-RS processes, we also evaluate viability of the decompositions where the H and V components are wideband and the U component is subband, based on a subband sample covariance matrix. 
We present the 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 channels in LoS and NLoS modes, considering both indoor and outdoor UE locations. Depending on the configuration of the transmit antenna elements, we consider different H,V, and U component decompositions such that for example the U matrix size increases with the number of subpanels at the TRP, resulting in a potential decrease in the H and V correlation matrix component sizes.
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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 TxV x TxH x TxU = 4x4x2 . Case (b) shows transmission from two co-located subpanels, such that the distance between the two subpanels is around 10  and the U-domain incorporates both the effect of cross-polarization and transmission of two separate subpanels. Case (c) considers transmission from 4 co-located subpanels uniformly spaced with distance between subpanels = 10 .
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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
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) and (c), for LoS and NLoS channels, respectively. We observe, from Figure 3 and Figure 4, a closeness in the eigenvalue distribution of the covariance matrix  and the kronecker product , especially for the LoS channels.  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.
Observation 1: The eigenvalue distribution of the channel covariance Kronecker model closely matches that of the sample channel covariance matrix, for single and multi panels at gNB, and LoS and NLoS channels.
The similarity in the eigenvalue distribution of the sample covariance matrix and the kronecker product model translates into a closeness in the throughput, when using the proposed CSI feedback framework. Figure 5 and Figure 6 compare the ergodic capacity curves for the three considered antenna panel cases, for LoS and NLoS channels, respectively. We generate the channel matrices using the sample correlation matrix, and using the kronecker model decomposition of the covariance matrix, respectively assuming unequal diagonal elements for the uncorrelated domain, and equal diagonal elements.
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Figure 5: CDF of ergodic capacity obtained for sample correlation matrix and kronecker product model- LoS
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Figure 6: CDF of ergodic capacity obtained for sample correlation matrix and kronecker product model- NLoS
Figures 5 and 6 show that the curves for both correlation models are very close to each other, for both LoS and NLoS channels. The curves that have equal diagonal elements on the U-domain component have some visible deviation from the sample correlation matrix. 
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Figure 7: CDF of capacity with eigen beamforming obtained for sample correlation matrix and kronecker product model- LoS
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Figure 8: CDF of capacity with eigen beamforming obtained for sample correlation matrix and kronecker product model- NLoS
We also show in Figure 7 and 8, that the kronecker product is a good approximation for the capacity when using eigen based beamforming assuming no limited feedback, and a rank-1 transmission; assuming that the signals are transmitted along the dominant eigenvector of the sample correlation matrix, and the kronecker product of the dominant eigenvectors of the component matrices in the kronecker model. 
Future analysis will show the performance of the flexible MIMO decomposition framework assuming separate limited feedback for the different CSI process components. 
The closeness in the distribution of the eigenvalue decomposition and the ergodic capacity achieved by using the sample channel and the kronecker channel model ascertain the viability of the MIMO channel covariance matrix in a kronecker structure of components in horizontal, vertical and uncorrelated domain. 

Observation 2: MIMO Channel Covariance Matrix can be decomposed into a Kronecker structure of components in Horizontal, Vertical and Uncorrelated domain with acceptable error. 
The diagonal elements on the U-domain component of the channel decomposition need not necessarily be equal, as observed by the deviation of equal diagonal U-domain component for both the eigen value distribution and the ergodic capacity distribution. 
Observation 3: U-domain CSI-RS process needs to take into account the difference in the diagonal elements of the U-domain component matrix as observed in the eigenvalues and ergodic capacity distributions
Further analysis is needed on other types of channels with multiple non located TRPs 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.
Proposal 2: NR should study the benefit of multiple resource settings whereas one resource setting is for horizontal domain channel, one resource setting is for vertical domain channel, and one resource setting is for the channel between uncorrelated antenna elements such as cross-polarization and subpanels. 


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 proposals.
Observation 1: The eigenvalue distribution of the channel covariance Kronecker model closely matches that of the sample channel covariance matrix, for single and multi panels at gNB, and LoS and NLoS channels. 
Observation 2: 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 3: U-domain CSI-RS process needs to take into account the difference in the diagonal elements of the U-domain component matrix as observed in the eigenvalues and ergodic capacity distributions
Proposal 1: NR CSI feedback framework should describe MIMO channel by multiple CSI components.
Proposal 2: NR should study the benefit of multiple resource settings whereas one resource setting is for horizontal domain channel, one resource setting is for vertical domain channel, and one resource setting is for the channel between uncorrelated antenna elements such as cross-polarization and subpanels. 
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