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Introduction
[bookmark: _Ref450583331]In RAN1#86bis, several WFs [1-8] related to CSI acquisition were discussed.  The discussion covers various aspects of CSI acquisition.  Some agreements are as follows [9].
Relationship between CSI-RS and CSI reporting
· At least for CSI acquisition, NR supports CSI-RS, SRS
· FFS: Use of DL DMRS for CSI measurement

· [bookmark: _GoBack]With regard to relating CSI-RS transmission and CSI reporting, following combinations are supported at least
· Aperiodic CSI reporting with aperiodic CSI-RS 
· Aperiodic CSI reporting with semi-persistent/periodic CSI-RS
· Semi-persistent/periodic CSI reporting with semi-persistent/periodic CSI-RS
· To support combinations above more flexibly, NR should allow independent control of CSI-RS indication and CSI reporting indication timings.
· ‘indication’ above may refer to triggering, activation, and deactivation depending on type of RS/reporting.
· Further study is needed how to guarantee appropriate time gap between indication of CSI-RS transmission and CSI-RS
· Further study is needed how to guarantee appropriate time gap between CSI-RS and CSI reporting
· Note: This does not preclude joint control of CSI-RS indication and CSI reporting indication.

· The feasibility of CSI-RS transmission and CSI reporting in a self-contained structure (e.g., subframe) should be studied, considering UE implementation complexity
· FFS: DM-RS based CSI reporting
CSI framework
· 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
Spatial information feedback
· 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 
· For Type I and II, CSI feedback per subband as well as wideband feedback are supported
· For Type I and II, beam-related feedback can be included
In this contribution, we discuss some open issues related to CSI measurement and CSI reporting.
CSI framework
The system design is always about the trade-offs between performance and complexity.  We have learnt from the LTE CSI design that redundant configurations, CSI feedback modes and/or types should be avoided in NR.  One way to do that is to decouple those components for CSI acquisition and indicate their dependencies dynamically or semi-statically.  However, from the UE implementation perspective, such decoupling or dynamic indication leads not only to a significant increase in implementation complexity, but also potential impact on UE performance.  
For example, decoupling the fixed timing relationship between RS transmission and CSI reporting may require the UE to buffer the CSI measurement results until the dynamically indicated reporting instance arrives.  As NR need to support self-contained transmission, the time budget for CSI processing need to be carefully treated.  It’s more likely that a pipelined processing is unavoidable to achieve self-contained transmissions.  A flexible timing relationship may make the pipeline processing less efficient.  
For another example, decoupling the joint configuration of CSI measurement and multi-antenna transmission methods/schemes may cause issues too.  It is well known that the efficient link adaptation based on explicit CSI feedback is infeasible due to the feedback overhead and the lack of knowledge of receiver processing capability.  Implicit CSI measurement is thus inevitable.  However, when UE derive the implicit CSI, a reference transmission scheme need to be assumed.  Essentially it is impossible to decouple the transmission scheme from CSI measurement.  In order to support dynamic switching between transmission schemes, the TRP may need a UE to report its CSI assuming each candidate transmission schemes.  It can be achieve either by configure multiple CSI reports each associated with one transmission scheme, or by dynamically indicate the reference transmission scheme for CSI reporting.  The former requires the UE do measure CSI for each transmission scheme which requires additional computational efforts, not to mention in cases like supporting multi-TRP transmission and/or carrier aggregation.  The latter makes the UE to buffer a lot intermediate quantities for each transmission schemes.  As the UE may need to filter those intermediate quantities to provide a better CSI measurement when measurement restriction is disabled.  
Observation: Decouple relationships between different components for CSI acquisition may lead to not only an increase in UE implementation complexity, but also potential performance degradation.
Proposal 1: Support of decoupling of relationships between different components for CSI acquisition need to be justified either by sufficient performance benefit.  Strive to minimize the impact on UE implementation if any decoupling design need to be supported.
Spatial information feedback
It was agreed in RAN1#86bis that NR supports two types of spatial information feedback.  The Type I feedback is codebook-based PMI feedback with normal spatial resolution, while the Type II feedback includes “explicit” feedback and/or codebook-based feedback with higher spatial resolution.  
PMI codebook-based feedback
For both types, the codebook-based feedback should be implicit CSI feedback which includes at least a PMI and a RI selected from a codebook by assuming certain transmission scheme.  The close-loop MIMO performance with codebook-based CSI feedback is tightly coupled with the PMI codebook design for the corresponding antenna port layout.  Since LTE Rel-10, beam selection codebooks are specified for various antenna layouts.  In LTE Rel-14, beam combination codebook is under discussion.  Compared to beam selection codebook, the beam combination codebook can provide higher spatial resolution by combining multiple beams with some predefined coefficients.  However, the beam combination codebook includes more PMI hypotheses than the beam selection codebook with which the spatial resolution is limited by individual beams.  As the Type I feedback is intended for normal spatial resolution, the beam combination codebook should not be included.
Proposal 2: Beam combination codebooks are not used for Type I feedback.
Proposal 3: For Type II codebook-based feedback, beam combination codebooks can be considered.
Explicit feedback
Besides high resolution implicit feedback, explicit feedback provides another way to report high resolution spatial information.  The channel coefficients or some statistics derived from channel coefficient are explicitly reported with or without quantization.  For unquantized explicit feedback, a special UL channel are needed to convey the CSI.  The CSI may suffer from the link failure, especially for cell-edge UEs, depending on the detailed design.  The sensitivity of performance to the erroneous CSI shall be carefully studied for unquantized explicit feedback.  In contrast to unquantized feedback, quantize explicit CSI reporting can be more robust to UL transmission failure by exploiting time and/or spatial diversity. 
Proposal 4: Support quantized explicit CSI feedback and consider improve reporting reliability by exploiting time and/or spatial diversity.
The quantized explicit feedback tends to be more robust for cell-edge UEs.  Feedback of channel coefficients seems to be able to provide the cell/TRP with near full knowledge of the channel which is friendly for MU operation.  However, some issues need to be considered for explicit channel coefficient feedback.  First, standalone channel coefficient feedback may not be sufficient as the knowledge of interference is still needed at the cell/TRP to determine a proper MCS. Second, the payload size could be much larger than that of implicit feedback.  So, explicit feedback is more suitable for some long-term/wideband quantities in conjunction with implicit feedback for short-term/subband CSI. 
Proposal 5: Explicit feedback can be considered for long-term/wideband CSI in conjunction with implicit feedback for short-term/subband CSI.
One possible use case of joint explicit and implicit feedback is with hybrid of non-beamformed RS and UE-specific RS.  The cell/TRP may transmit non-beamformed RS with a long duty cycle.  A UE can estimate the channel covariance matrix based on the non-beamformed RS.  The estimated channel covariance matrix may be explicitly reported to the cell/TRP.  The cell/TRP may perform UE-specific RS beamforming based on the reported channel covariance matrix.  The UE may measure implicit CSI based on UE-specific RS.  Directly quantize the channel covariance can result in a huge CSI payload size when the number of non-beamformed CSI-RS is getting large.  The dimension reduction representation can be applied to reduce the amount of feedback.  For example, the estimated Nt Nt channel covariance matrix R can be projected to the subspace spanned by a few number of basis, say {bi}, i = 1, 2, …, K, where K << Nt.  The basis may be selected from a predefine set.  A UE may quantized projections aij = Q(biHRbj) and the indices of the selected basis.  The cell/TRP may recover the eigenvectors of the channel covariance based on {bi} and {aij} and use the eigenvectors as beamformers for UE-specific RS.
Proposal 6: Support of quantized explicit feedback for long-term channel statistics can be considered.
It’s worth noting that explicit feedback may be partially codebook-based.  For example, in the aforementioned covariance feedback consists of two components, the basis {bi} and the projections {aij}.  The former may be represented by a codeword in a predefined codebook, while the latter may be quantized in an element-wise manner.  A common codebook may be used for basis quantization in explicit feedback and for W1 quantization in implicit feedback.  Such common codebook design allows UE to reuse some intermediate result computed for one types of feedback to another.  
Proposal 7: NR shall consider common codebook design for at least some components in explicit feedback and implicit feedback.
Beam-related feedback
As agreed in RAN1#86bis, for both Type I and Type II, beam-related feedback can be included.  In LTE Rel-13, the CLASS B CSI feedback based on K > 1 beamformed CSI-RSs include a single CSI-RS resource indicator (CRI) to indicate which CSI-RS resource, also known as beam, is selected as a reference for CQI/PMI/RI reporting.  Similarly, K > 1 beamformed CSI-RS resources may be configured for CSI measurement in NR MIMO.  The spatial information feedback based on multiple beamformed CSI-RSs should be supported.  Several alternatives can be considered.
· Alt-1. Common RI + independent CQI/PMI
· Alt-2. Best set of CRIs + aggregated RI/CQI
· Alt-3. Two-level CRI
· Alt-4. Best-M subband CRI
In Alt-1, a UE may report a common RI for all K CSI-RS resources.  For each CSI-RS resource, a CQI (and a PMI if needed) can be reported for the common RI by assuming certain close- or open-loop MIMO transmission.  This gives the TRP the flexibility to perform dynamic beam switching for DL data transmission.
In Alt-2, a UE may report multiple CRIs to indicate a subset of candidate beams for open-loop beam cycling.  The RI and CQI is determined by assuming certain predefined beam cycling on the selected beams associated with the RS resources indicated by CRIs.  The multiple CRIs may be reported individually or using joint encoding.
In Alt-2, the beam switching is performed in a deterministic manner.  To enable UE assisted subband beam switching, Alt-3 and Alt-4 can be considered.  In Alt-3, a first level wideband CRI is reported to indicate that the beams associated with the corresponding resource(s) shall be considered for dynamic beam switching.  The UE assisted subband beam is selection is indicated by a second level subband CRI reporting.  The subband CRI reporting indicates which one of the best beams indicated by the first level CRI shall be considered for a given subband.  For close-loop MIMO, the PMI reporting is determined based on the subband CRI.  
Alt-4 provides another approach to support UE assisted subband beam switching.  Similar to the best-M subband CQI reporting, a UE can report best-M CRI to indicate several selected subbands and the best CRI on each of them.
Proposal 8: For beamformed CSI-RS based feedback, dynamic beam switching shall be supported.  Above four alternatives can be studied.
In addition to beam switching, beam-related feedback may also provide beam refinement capability.  A UE may report an indication of how to combine multiple beams to form a better UE-specific beam, e.g., a PMI based on phase difference between multiple ports to indicate some incremental information for tuning current UE-specific CSI-RS beamforming.
Proposal 9: NR supports differential channel state feedback for beam refinement.
Interference feedback for reciprocity-based transmission
When UL-DL reciprocity can be exploited to provide knowledge of the DL channel at the TRP, a reciprocity-based spatial multiplexing transmission scheme could be employed to provide accurate channel state information at the TRP.  Such a transmission scheme would additionally require the UEs to report the interference measured in the RS used for CSI measurements, or in the data resources.  The interference reporting can be in multiple forms, including CQI, interference covariance matrix, and/or RI, and/or PMI, and/or demodulation SINR, etc.  Specifically, an example of interference reporting could be a combination of a properly-quantized or averaged, wideband or narrowband, interference covariance matrix, with the measured CQI, which could be exploited by the TRP for steering the reciprocity-based beams and for adjusting scheduling decisions.  Another example is the demodulation SINR measured in the data resources which could be especially helpful for bursty type of traffic when there might not be sufficient back-to-back transmissions for the TRP’s outer loop to converge.  The details of interference measurement reporting need to be carefully studied possibly in conjunction with reciprocity-based transmission schemes.
Proposal 10: Study various interference reporting schemes in conjunction with reciprocity based spatial multiplexing. 
CSI feedback timeline
Another important design aspect of CSI acquisition is the CSI feedback timeline.  It was agreed in RAN1#86bis to study the feasibility of CSI-RS transmission and CSI reporting in a self-contained structure (e.g., subframe) considering UE implementation complexity.  Note that concept of CSI-RS transmission and CSI reporting in a self-contained structure is not necessarily restricted to TDD operation.  As shown in Figure 1, three types of self-contained structure can be considered. 
Whether or not a CSI feedback can be fully “self-contained” in same subframe or in a single interlaced subframe depends on the CSI measurement complexity and the timing constraints.  The self-contained full CSI feedback including PMI/RI and CQI can be challenging due to the heavy CSI computational complexity.  Some “relaxed” self-contained CSI feedback can be considered.  One possible relaxation could be allowing CSI triggering and CSI RS transmission are not “self-contained”.  That means the CSI triggering and CSI-RS transmission may be in subframe n while CSI reporting happens in subframe n + k, where k > 0.  Another possible relaxation is just feedback some lightweight CSI, e.g., CQI-only reporting can be self-contained.  Actually, self-contained CQI-only reporting can be useful for MU MIMO.  For example, the UE may measure some incremental CQI based on DMRS or decoding SINR, which captures the MU interference.  The network may use such MU-CQI for future MU scheduling and/or link adaptation.
[image: ]
Figure 1. Examples of self-contained CSI feedback in TDD and FDD systems.
Proposal 11:  Support of self-contained CQI-only feedback can be considered for NR.  The self-contained CQI can be based on DMRS.
Conclusions 
To summarize, we discussed views on CSI acquisition, including CSI feedback and CSI measurement.  We observe that
Observation 1: Decouple relationships between different components for CSI acquisition may lead to not only an increase in UE implementation complexity, but also potential performance degradation.
We propose following:
Proposal 1: Support of decoupling of relationships between different components for CSI acquisition need to be justified either by sufficient performance benefit.  Strive to minimize the impact on UE implementation if any decoupling design need to be supported.
Proposal 2: Beam combination codebooks are not used for Type I feedback.
Proposal 3: For Type II codebook-based feedback, beam combination codebooks can be considered.
Proposal 4: Support quantized explicit CSI feedback and consider improve reporting reliability by exploiting time and/or spatial diversity.
Proposal 5: Explicit feedback can be considered for long-term/wideband CSI in conjunction with implicit feedback for short-term/subband CSI.
Proposal 6: Support of quantized explicit feedback for long-term channel statistics can be considered.
Proposal 7: NR shall consider common codebook design for at least some components in explicit feedback and implicit feedback.
Proposal 8: For beamformed CSI-RS based feedback, dynamic beam switching shall be supported.  Above four alternatives can be studied.
Proposal 9: NR supports differential channel state feedback for beam refinement.
Proposal 10: Study various interference reporting schemes in conjunction with reciprocity based spatial multiplexing. 
Proposal 11:  Support of self-contained CQI-only feedback can be considered for NR.  The self-contained CQI can be based on DMRS.
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