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1. Introduction
In RAN1#88, CSI feedback framework design principle has been agreed as below: 
· Strive to design a unified CSI framework, avoiding introducing multiple classes/subclasses and redundant (equally performing) configurations, while still covering a wide variety of use cases and frequency bands

· Coupling/Decoupling (e.g. fixed timing relationships, joint configuration) between the following functions should be studied

· RS transmission used for CSI acquisition (CSI-RS transmitted in DL and SRS transmitted in UL)

· Use of other RS(s) is not precluded (e.g., DMRS)

· Note that CSI-RS and SRS may or may not have the same physical signal design

· Note that the reference signal naming can be revisited later

· CSI measurement/reporting

· Multi-antenna transmission method/scheme

· Downlink control signaling

· Study flexible scheduling/configuration of  CSI-RS, CSI report and transmission method/scheme for data and control

· DL DMRS and UL DMRS based spatial multiplexing (SU-MIMO/MU-MIMO) is supported

· FFS: Necessity of sidelink spatial multiplexing

· At least 8 orthogonal DL DMRS ports is supported for SU-MIMO scheduling

· At least 8 orthogonal DL DMRS ports is supported for MU-MIMO scheduling

· Support dynamic switching between transmission methods/schemes, e.g. between

· Transmit diversity

· Spatial multiplexing

2. Some considerations on design principles
The concept of transmission mode was introduced in LTE as a bracket for the combination of multiple MIMO related functions: DCI format, RS and CSI measurement/reporting method and transmission scheme. However, such bracket became redundant in later phase as more and more function can be individual configured. The same rational applies to NR MIMO as well, therefore we propose that there is no need to define a “MIMO Transmission Mode” in NR. Separate configuration on each individual function including transmission scheme, RS for feedback, CSI measurement/ reporting and downlink control format should be supported. 

Meanwhile, we also recognize possible dependency/coupling between the configuration of different functions. For example, a certain transmission scheme may require some specific CSI feedback mode. Such dependency can be introduced during the configuration of individual functions.  

Proposal 1: No need to define transmission mode in NR MIMO. Instead, allow configuration on transmission scheme, RS and CSI measurement/report and downlink control format separately. 
Proposal 2: If needed, dependency or coupling between functions can be introduced during the configurations procedure. 
CSI feedback has been an extremely important topic in any MIMO study, there are many different way of CSI feedback in several categories: implicit/explicit, analog or quantized. While the effectiveness and robustness of LTE codebook have been proved in real deployment, many of the advanced CSI schemes have shown performance gain over traditional LTE codebook in different scenarios. Considering that NR MIMO should be of better performance than LTE, advanced CSI should be introduced in NR.  Therefore we propose to specify codebook based CSI feedback plus at least one advanced CSI feedback scheme to optimize the MIMO operation in NR. 
Proposal 3: The NR CSI feedback framework should support codebook based CSI plus at least one advanced CSI feedback scheme. 
CSI feedback framework design is an essential part of the MIMO operation. LTE used RI-PMI-CQI feedback framework where PMI is used to indidate the best transmit precoder. In Rel.10+, PMI is decomposed to W1 and W2 feedback. In Rel.13, codebook is contructred by decomposing W1= W1H  ∙ W1V and W2= W2H ∙ W2V (where ∙ is Kronecker product). Such components based design is efficient because it allows different feedback granularity on each channel component, e.g. LTE Rel.10 has designed different granulatiy for W1 and W2: W1 is wideband long term feedback and W2 is subband short term feedback. Similarly, NR CSI feedback framework should describe the total MIMO channel response using several components. An example is given in section 3, where the total channel is described by the CSI components in H, V and U domain. 
Proposal 4: 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. 
CSI-RS overhead has been an long lasting challenging for UE specific CSI-RS design especially with large number of users in the network. There are different ways to reduce the overhead: using aperiodical CSI-RS, build CSI-RS resource pool for multiple users to share, etc. Now, since the total MIMO channel is described by several CSI components, component specific CSI-RS should be introduced to reduce the total overhead. For example, if we have 8 * 8 antenna co-polar ports, we need 64 CSI-RS ports for the total channel, but if we describe the channel as Kronecker product from H and V domain, we only need 16 CSI-RS ports. 
Proposal 5: The CSI measurement for each CSI component can be based on independent configured CSI-RS. 
Another important aspect is how to decide CSI feedback granuality (in frequency, time or spatial domain). LTE uses feedback mode to determine the granuality for frequency domain, e.g. eNB could configure aperiodicl feedback mode 3-2 or mode 1-1 for TM10 users. Similarly, eNB can configured larger or smaller periodicity for periodical feedback to control the time domain granuality. The decision of feedback granuality is almost fully controlled by network (The only exception is rank). Such framework simplified the UE implementation but not necessarily optimal since eNB doesn’t directly measure channel. In reality, eNB configures CSI feedback mode based on traffic QoS, buffer status and feedback channel load. Meanwhile, the optimal feedback granuality should be decided jointly by network and UE which can directly measure channel. If UE observed that a certain component of channel does not changing at all, it may use a low granualar feedback format. The saved bits coud be used for other components with high granular feedback format. Equivalently, the feedback payload bits are be shared between different components of the channel. Therefore, we propose that UE should also be involved in deciding the CSI feedback granulity for each CSI component. A typical use case is that a fast moving UE may choose to have higher CSI granuality in time domain for horizontal CSI component while another UE in rich scattered environment may choose to have high frequency granuality.  
Proposal 6: Both network and UE should be involved in deciding the feedback payload bits and CSI granuality (frequency, time, spatial domain) for each CSI component. 
CSI feedback for control channel has been an missing aspect in LTE MIMO framework, the link adaption for downlink control channel can only rely on OLLA (outer loop) therefore of low efficiency. In NR, it is likely that downlink control channel may also need to apply beamforming (at least the analog beam). The efficiency of control channel can be enhanced if CSI knowledge for control channel is available at network, see [1]. We propose to study the need of CSI feedback for NR control channel/s. Meanwhile, the study should consider the possibility of using one CSI feedback framework to support both data and control channels. 
Proposal 7: Study the need of CSI feedback for control channel, and if needed, striving for one generic CSI feedback framework to support both data and control channel.  
3. Generic CSI feedback framework
General MIMO channel can be decomposed into 3 domains based on the structure of the channel co-variance. These are the channel co-variance in Horizontal domain (H domain), the channel co-variance in Vertical domain (V domain) and the channel co-variance in uncorrelated domain (U domain). Each domain characterizes how the PMI changes (in time and frequency) and the type of preorders those are optimal. The H, V and U domain are identified by the structure of the channel covariance as 
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(1)
In (1), NV, NH, and NU is the number of degrees of freedom in the H, V, and U domain. Also NVxNHxNU is equal to the total number of transmit antennas (TxRx).  The CSI feedback in the three domains are essentially characterizing the co-variance of the MIMO channel matrix which is highly related to the antenna structure, particularly the correlation between antenna elements as well as the channel angular spread. For different domain, the CSI feedback type and quantization method could be very different (an illustration of H, V and U domain can be seen in Figure.1):

H and V domain represent the channel response between antennas within correlated distance

U domain is about the channel between uncorrelated antennas, e.g.antennas in different sub-panel, different cross-polarization or even different TRPs 
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Figure 1 Decompose MIMO channel into H, V and U domains
An example of optimal CSI feedback for each domains:

· 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)

Note: the feedback format and payload bits for H and V domain might be different: e.g. antenna panel has large number of horizontal antenna elements while few vertical antenna elements, then the H feedback needs more feedback bits than V feedback even though they are both using DFT codebook. 

By decomposing the total MIMO channel into the 3 domains, this 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 format for UE to select. Typically all the configured candidate feedback format 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 one 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 close loop MIMO using the PMI report from U, V, U domain. 
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3. When gNB trigger 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. So gNB can 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 of such a flexible multi-domain feedback as discussed in the following sections

Use Case-1: basic MIMO feedback with adaptive feedback overhead in different domains

gNB configures 4Tx CSI-RS in H domain and V domain separately. And 2Tx CSI-RS port in U domain (2 Polarizations), the antenna ports is illustrated in figure.2

The various feedback format that the UE can select from are listed below. It should be noted that the UE chooses one of the following feedback formats depending on which one is most suitable. 

· Format-1 (High resolution V domain feedback + Low resolution H domain): H domain: wideband 2bits PMI using DFT codebook (with smaller oversampling rate); V domain: wideband 4 bits DFT codebook (with Oversampling rate); U domain (matrix size 1*2): Wideband 2bits PMI based on rank=1 codebook; CQI: Wideband 4 bits CQI report assuming 
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· Format-2 (High resolution H and V domain feedback for digital beam management): H domain: wideband 8bits PMI using DFT codebook (with smaller oversampling rate); V domain: wideband 8bits PMI using DFT codebook (with smaller oversampling rate). U domain: No feedback. CQI: no CQI feedback. 

· Format-3 (Rank-2 feedback): H/V domain: Skip PMI report (Reuse previous reported H, and V domain PMI). U domain (matrix size 2*2): Subband (UE selected best subband, L bits to indicate the subband index) 2 + 2 + L bits PMI based on co-phase codebook; CQI: subband 4 bits CQI report assuming 
[image: image5.wmf](

)

(

)

(

)

g

G

h

H

v

V

p

p

p

P

P

P

P

Ä

Ä

=


· Format-4 (High resolution channel quality information): H/V domain Skip PMI report on H and V domain (Reuse previous reported PMI). U domain (matrix size 1*2): Wideband 2bits PMI based on rank=1 codebook; Subband High resolution L+10 quantization bits for received signal and Interference separately: assuming 
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 for calculating S. 

· Format-5 (Physical layer feedback for analog beam management): UE selects this format when it feels the need to refine the analog beam. H domain: Index of the strongest N beams, and corresponding RSRP for the strongest N beams. Note: UE may assume different CSI-RS resource is located at different analog beams 
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Figure 2 Antenna port illustration for example-1 with 4Tx in U and V domain and 2 Tx in U domain

Use Case -2: Distributed MIMO (CoMP) feedback 

For each TRP, gNB configures 2Tx CSI-RS in H domain and 4Tx in V domain. And 2Tx CSI-RS port in U domain (2 Polarizations), the antenna ports is illustrated in figure.3

UE is configured with the following candidate feedback formats

· Format-1 (Non-coherent JT, Rank=1): H domain: wideband 2bits PMI for TRP-1 and TRP-2 separately using DFT codebook; V domain: wideband 4 bits DFT codebook shared by both TRP-1 and 2; U domain (matrix size 1*2): Wideband 2bits PMI based on rank=1 codebook for each TRP; CQI: Wideband 4 bits CQI report assuming:
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· Format-2 (Dynamic Point Selection, Rank=1): H domain: wideband 2bits PMI for both TRP-1 and TRP-2 using DFT codebook; V domain: wideband 4 bits DFT codebook for both TRP-1 and 2; U domain (matrix size 1*2): Wideband 2bits PMI based antenna selection codebook (selecting antennas from one of the TRP); CQI: Wideband 4 bits CQI report assuming
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· Format-3 (Dynamic Point Selection, Rank=2): Same to format-2. Except U domain is of matrix size 2*2: wideband 4 bits PMI on antenna selection. Note it can select different TRP for different layer:  antenna from TRP-1 for the first layer and antennas from TRP-2 for the second layer. 

· Format-4 (Coordinated Scheduling, Rank=1): same to format-2 except the CQI should consider excluding some interference from a certain cell. 
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Figure 3 Antenna port illustration for example-2 with 2 TRPs with 2*4*2 antenna ports each. 
4. Conclusion

In this contribution, we give our view on NR MIMO CSI feedback framework. The CSI feedback framework for NR should be generic and adoptive to channel environment, including different type of CSI feedback and MIMO transmission shemes. In particular, we consider to describe total MIMO channel into multiple components from feedback perspecitive. The CSI feedback granularity for each component can be adjusted by UE dynamically (a design example was given in this contribution).
Proposal 1: No need to define transmission mode in NR MIMO. Instead, allow configuration on transmission scheme, RS and CSI measurement/report and downlink control format separately. 

Proposal 2: If needed, dependency or coupling between functions can be introduced during the configurations procedure.
Proposal 3: The NR CSI feedback framework should support codebook based CSI plus at least one advanced CSI feedback scheme. 
Proposal 4: The 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. 

Proposal 5: The CSI measurement for each CSI component can be based on independent configured CSI-RS. 
Proposal 6: Both network and UE should be involved in deciding the feedback payload bits and CSI granularity (frequency, time, spatial domain) for each CSI component. 

Proposal 7: Study the need of CSI feedback for control channel, and if needed, strive for one generic CSI feedback framework to support both data and control channel.  
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