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1
Introduction
Downlink multiple antenna schemes typically require Channel State Information at the base station. The channel state information (CSI) has been designed and used based on transmission schemes/modes, scenarios, and use cases for better link adaptation to provide a higher spectral efficiency and/or robust signal transmission. A lot of CSI reporting types have been defined in LTE to optimize MIMO performance in various scenarios. 

In NR, there are new scenarios, use cases, and antenna configurations to be assumed. Therefore, it is necessary to study a tailored CSI design to meet the requirements of NR. In RAN1 #85, the following have been agreed on as a starting point for NR CSI design [1]:
Agreements:

· In NR multi-antenna schemes, studies on CSI acquisition framework include

· CSI reporting schemes

· Implicit CSI feedback

· Parameters indicating channel quality based on a set of transmission and receiving hypotheses associated with one particular UE, e.g. CQI, PMI, RI, CRI

· Explicit CSI feedback: for both quantized and unquantized/analog CSI feedback

· Parameters representing channel coefficients or some reduced-space representation thereof

· Reciprocity-based feedback

· For example, take into account interference and/or receiver hypothesis can be included

· Note: including aperiodic, periodic and semi-persistent, and single/wide band and sub-band feedback

· Mixed feedback is not precluded

· Interference measurement

· FFS: CSI measurement and/or reporting and/or triggering can be ‘self-contained’ in at least time domain

· In NR multi-antenna schemes, studies on RS design and CSI acquisition considering following use cases

· Non-UE-specific RS use case for CSI measurement 

· UE-specific RS use case for CSI measurement 

· Note: functionally may be analogous e.g.: to R13/14 UE-specific beamformed CSI-RS (with dynamic beamforming)

· Note: maybe relevant to UE receiving beam sweeping

· Use of a joint operation among multiple RS from the same or different use cases 

· RS for interference measurement use cases

· RS for channel reciprocity use cases

· Other use cases is not precluded

· Note: including measurement over aperiodic/periodic/semi-persistent RS

· Note: Subband RS is not precluded
· Study aperiodic CSI reporting in conjunction possibly with aperiodic RS (e.g. one-shot, multi-shot RS) transmission

· Aperiodic RS can be used for CSI measurement including channel measurement (e.g. using CSI-RS) and/or interference measurement (e.g. using IMR)

· Study on demand UE measurement/reports and TRP RS transmission for CSI measurement only when needed 

· Study aperiodic CSI procedure to support CSI triggering, CSI measurement and CSI feedback in certain time interval(s). These three steps can happen in the same or different time interval
· Study aperiodic CSI procedure using RS for CSI measurement e.g. CSI-RS, demodulation RS.

· Others are not precluded

In this contribution, we discuss NR CSI design as well as its associated measurement reference signal from the viewpoints of new antenna configurations and operating frequencies.
2
CSI Feedback
So far, CSI reporting types in LTE have been designed based on the assumption that single-user MIMO transmission is used when a UE reports the CSI. This has led to erroneous link adaptation when an eNB scheduler uses a multi-user MIMO (MU-MIMO) transmission scheme based on a single-user MIMO (SU-MIMO) CSI since co-channel interference estimated at the transmitter using a limited CSI is prone to inaccuracies.
In LTE Rel-10, RAN1 had studied the use of additional MU-MIMO related CSI reporting types (i.e., MU-CSI) such as best/worst companion PMI/CQI reporting on top of SU-CSI. The results concluded that the marginal gain from the additional MU-CSI did not justify the additional CSI feedback overhead. It is mainly from the fact that the number of antenna ports were limited to 8 in the horizontal dimension only, and provided a limited number of degrees-of-freedom of the spatial channel for MU operation. Note that the performance of MU-MIMO gets better as the number of degrees-of-freedom of the spatial channel goes higher due to the increased multi-user diversity gain. Since a large number of antenna arrays may be used in NR (e.g., 64 antenna ports), the MU-CSI may provide a significant gain which may justify the additional CSI feedback overhead.

In addition, advanced MU-MIMO schemes which may be able to cancel a co-channel interference at a transmitter may be also considered for better MU-MIMO gain in NR. For instance, non-linear MU-MIMO schemes (e.g., THP and VP) can be studied as it can improve the MU-MIMO performance with relatively low UE receiver complexity.
In order to meet the spectral efficiency requirements of NR (e.g., eMBB), enhanced CSI reporting for MU-MIMO operation as well as advanced MU-MIMO schemes should be studied for the NR antenna configurations with a larger number of antenna arrays.

Proposal 1: Study CSI feedback enhancement for MU-MIMO operation and advanced MU-MIMO schemes especially for large number of antennas
It has been agreed to study both implicit and explicit CSI reporting types for NR. The CSI reporting types in LTE have been mostly designed based on implicit CSI such as PMI, CQI, and RI. Implicit CSI is relatively robust to channel estimation error and requires lower feedback overhead. On the other hand, explicit CSI provides better MU-MIMO performance as the co-channel interference can be suppressed more efficiently at the transmitter by using full channel information for the co-scheduled UEs.

The explicit CSI reporting type was discussed during LTE Rel-10 and a couple of explicit CSI reporting schemes were studied including a channel covariance matrix feedback which may be reported in a long-term and wideband manner to adapt a codebook to a subset of space in a spatially correlated channel. Note that the codebooks (i.e., Rel-8 2Tx and 4Tx codebooks) used in LTE Rel-10 had been optimized for uncorrelated channels as it was designed to maximize the minimum chordal distance like a grassmanian codebook which is optimal for uncorrelated channels but suboptimal in correlated channels. This issue has been addressed by introducing a grid-of-beams based codebook structure which provides better precoding gain in a correlated linear antenna arrays since Rel-11. Therefore, the adaptive codebook using a channel covariance matrix should not be considered for NR to avoid unnecessary standard efforts. 

On the other hand, explicit CSI feedback and/or a hybrid of explicit and implicit CSI feedback to enhance MU-MIMO performance provides some advantages and should be considered for study. For example, reporting of dominant eigenvectors may improve MU-MIMO performance as compared with codebook based CSI reporting, or implicit CSI feedback can be used for antenna virtualization to reduce the number of antenna ports and explicit CSI can be reported based on the virtualized antenna ports for MU-MIMO operation.  
Therefore, explicit CSI feedback types for advanced MU-MIMO schemes can be studied although the CSI feedback overhead, channel estimation error sensitivity, and gain over implicit CSI feedback types needs to be investigated.
Proposal 2: Study explicit CSI reporting for advanced MU-MIMO schemes   

A study of the frequency spectrums above 6GHz have been agreed on for NR and significant pathloss has been observed in those high frequency spectrums [2]. A beam-based system design is considered as one of the key enabling technologies to overcome the severe pathloss at a very high frequency spectrum, where a beam can be formed in analog and/or digital domains to compensate for the cell coverage loss from the pathloss.
The analog and/or digital beamforming schemes with a large number of antenna arrays have been studied and designed in LTE in the context of (e)FD-MIMO. The CSI reporting types and schemes introduced for (e)FD-MIMO can be reused for NR CSI feedback framework. For example, multiple analog beams can be used with associated beam-specific reference signals (e.g., beamformed CSI-RSs) and a UE may report a preferred beam ID (e.g., CSI-RS index; CRI) which may provide a highest received SINR.
However, the isotropic antenna gain pattern has been assumed at a UE receiver for (e)FD-MIMO design may be different from what we are assuming for NR since a receiver beamforming in analog domain will be also used at a UE. Note that a non-negligible coverage loss is expected if the transmitter and receiver beams are mismatched. Moreover, new channel characteristics have been introduced for the above 6GHz channel model including blockage, UE rotation, and spatial consistency and such channel condition information may be required at an eNB scheduler as lack of knowledge of these parameters by the scheduler may degrade the link performance significantly. Therefore, new CSI reporting types which handle the beam-pairing between Tx-Rx beams and new channel characteristics may be required in a beam-based system.

Proposal 3: Study new CSI reporting types for beam-based system 
The antenna configuration for NR is determined based on a set of parameters (M, N, P, Mg, Ng), where one or more panels (i.e., Mg rows and Ng columns of panels) can be used with (M, N, P) antenna elements in each panel. 
In a baseline antenna configuration, the antenna spacing between panels is relatively larger than the antenna spacing within a panel. In this antenna configuration, a long-term wideband beamforming can be used within each panel as the spatial channels are highly correlated while a short-term subband co-phasing precoder can be used across panels as the channel correlation between antenna ports in different panels is relatively low. Since the antenna configuration in a panel is the same as that for (e)FD-MIMO, the CSI reporting types designed for (e)FD-MIMO can be reused for a panel-specific CSI reporting as much as possible and can be extended to multiple panels with a co-phasing precoder.
Proposal 4: Study CSI reporting types related to panels
3
Measurement RS 
The CSI-RS has been introduced in Rel-10 and evolved in the following releases in the context of CoMP and (e)FD-MIMO. It is quite flexible and can support various scenarios and use cases such as the following:

· It is configurable in a UE-specific manner, thus UE-specific beam (or antenna virtualization) can be used to reduce RS overhead

· Multiple CSI-RSs can be used with different beams which enables beam measurement for analog and/or digital beamforming schemes in beam-based system

· The RS overhead can be controlled with dynamic on/off or periodicity configuration

· It supports interference measurement without serving cell signal interference by using zero-power CSI-RS

· CSI-RSs can be configured for geographically separate TRPs with QCL 
It seems that the CSI-RS framework in LTE already supports wide range of use cases in NR although the detailed designs can be tailored for NR framework. In order to reduce the standardization efforts, it is recommended to use LTE CSI-RS framework as a starting point for NR measurement RS design.
Proposal 5: Use LTE CSI-RS framework as a starting point for NR measurement RS design
In a beam-based system, multiple beams, each with a different beamwidth can be used according to the downlink channel. For instance, beams with a wider beamwidth can be used for a control channel to make the control channel more robust to UE mobility and to support a group of UEs while beams with a narrower beamwidth can be used for a data channel for higher throughput performance.
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Figure 1. An example of a hierarchical beamformed CSI-RS
A hierarchical beamformed CSI-RS can be used for better support of beam measurement with different beamwidths. For example, a single wide beam can be associated with multiple narrow beams as shown in the Figure 1, where a widebeam may be used for a control channel and the associated narrow beams may be used for a data channel. Therefore, a UE may search a preferred narrow beam among the associated narrow beams and report the narrow beam index for beam adaptation.

Assuming that a UE is in control beam coverage, the hierarchical beamformed CSI-RS can reduce the beam index search space, thus resulting in lower UE complexity and signalling overhead.

Proposal 6: Consider a hierarchical beamformed CSI-RS for a beam-based system

4
Conclusion
In this contribution, we discussed the CSI feedback and its associated measurement RS. Based on the discussions, we propose the followings:

Proposal 1: Study CSI feedback enhancement for MU-MIMO operation and advanced MU-MIMO schemes especially for large number of antennas

Proposal 2: Study explicit CSI reporting for advanced MU-MIMO schemes   

Proposal 3: Study new CSI reporting types for beam-based system 

Proposal 4: Study CSI reporting types related to panels

Proposal 5: Use LTE CSI-RS framework as a starting point for NR measurement RS design
Proposal 6: Consider a hierarchical beamformed CSI-RS for a beam-based system
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