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Introduction
It is expected that MIMO will be one of the key enablers to meet the high system throughput requirements for NR. The accurate CSI acquisition is an important step in any MIMO transmission scheme. In RAN1#86 [1], the following agreement about CSI acquisition was made.
Agreements:
· A simplified CSI acquisition framework should be studied in NR, which could support
· CSI measurement based on CSI-RS (if supported)
· Implicit and explicit CSI feedback
· CSI acquisition based on different degree of reciprocity
· Other features to be supported
· The implicit CSI feedback methods should be studied in NR
· Codebook design
· Interference measurement based on interference measurement resource which could be one or more of the following options
· ZP CSI-RS (if supported)
· NZP CSI-RS (if supported)
· DMRS (if supported)
· Other resources are not precluded
· CSI feedback based on DMRS (if supported)
· The explicit CSI feedback methods should be studied in NR
· Feedback of channel covariance matrix
· Feedback of channel matrix 
· Feedback of  channel eigenvector
· Both quantized and unquantized/analog feedback
· Other methods are not precluded
· CSI measurement and reporting with the following components should be studied in NR
· Wideband/long-term CSI
· Subband/short-term CSI
· Explicit CSI
· Implicit CSI
· Configuration of the above components individually or jointly is FFS
Samsung’s high-level view on CSI acquisition for DL and UL NR MIMO is presented in companion contributions [2-3]. This contribution discusses the need for ‘explicit’ CSI reporting for NR MIMO and proposes a dual-resolution CSI reporting framework (supporting both implicit and explicit CSIs) for flexible CSI acquisition and reporting, and provides high level explicit CSI reporting design alternatives. 
Need for Advanced CSI
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From LTE Rel. 8 to Rel. 14 eFD-MIMO, MIMO has been identified as an essential feature in order to achieve high system throughput requirements and it will continue to be the same in NR. One of the key components of a MIMO transmission scheme is the accurate CSI acquisition at the eNB (or TRP). For MU-MIMO, in particular, the availability of accurate CSI is necessary in order to guarantee high MU performance. For TDD systems, the CSI can be acquired using the SRS transmission relying on the channel reciprocity. For FDD systems, on the other hand, it can be acquired using the CSI-RS transmission from eNB, and CSI acquisition and feedback from UE. In legacy (up to LTE Rel. 13) FDD systems, the CSI feedback framework is ‘implicit’ in the form of CQI/PMI/RI (and CRI in Rel. 13) derived from a codebook assuming SU transmission from eNB. Because of the inherent SU assumption while deriving CSI, this implicit CSI feedback is inadequate for MU transmission. Since future (e.g. NR) systems are likely to be more MU-centric, this SU-MU CSI mismatch will be a bottleneck in achieving high MU performance gains. Another issue with implicit feedback is the scalability with larger number of antenna ports at eNB. For large number of antenna ports, the codebook design for implicit feedback is quite complicated (for example, in Rel. 13, the total number of Class A codebooks = 44), and the designed codebook is not guaranteed to bring justifiable performance benefits in practical deployment scenarios (for example, only a small percentage gain can be shown at the most). Realizing aforementioned issues, RAN1 has agreed to provide specification support to advanced CSI reporting in Rel. 14 eFD-MIMO [4], which, at the very least, can serve as a good starting point to design advanced CSI scheme in NR MIMO. 
Compared to Rel. 13 FD-MIMO and Rel. 14 eFD-MIMO, the CSI acquisition for NR MIMO should consider the following additional differentiating factors: 
· Flexibility CSI reporting framework: CSI reporting in NR should to flexible to support users with different CSI reporting capabilities. For example, some users may only be capable of reporting implicit CSI in the form of PMI/CQI/RI/CRI as in LTE and some other users may be capable of reporting both implicit as well as explicit CSI (such as channel). Also, UE speed in NR can range, for example, from 0 kmph to 500 kmph. So, the CSI reporting framework should be able to configure CSI reporting depending on low to very high UE speed.
· Increased number of antenna ports: In NR MIMO, the number of antenna elements at the eNB can be up to 256, which means that the total number of antenna ports can be more than 32, which is the maximum number of antenna ports supported in Rel. 14 eFD-MIMO. Although this can be accommodated with partial-port CSI-RS mapping where each subset consists of at most 32 ports, the total number of ports across time can be extended to a much larger number. As the number of ports increases, meaningful system gain can only be obtained in a MU-centric system. 
· Increased throughput requirement: The system throughput requirements (e.g. for eMBB in NR) is several times more than that for Rel. 14 eFD-MIMO. Such high throughput requirements can only met with a mechanism to provide very accurate CSI to the eNB.  
· Beamforming: Following the trend established in FD-MIMO, NR MIMO system will be beam-formed either cell-specifically or UE-specifically, where the beams can either be of analog (RF) or digital or hybrid type. For such a beam-formed system, a mechanism is needed to obtain accurate beam-forming information at the eNB.      
· Unified design: Since NR includes both above and below 6 GHz frequency bands, a unified MIMO framework working for both frequency regimes will be preferable. 
In view of the above-mentioned issues with the implicit feedback paradigm in up to Rel. 13 LTE systems, and the additional differentiating factors mentioned above for NR MIMO, we make the observation that the implicit CSI feedback scheme alone is not enough for NR MIMO, and hence advanced CSI is needed. The main driver, as mentioned above, is MU-MIMO. 
Observation 1: Implicit CSI feedback scheme alone is not enough to meet NR MIMO requirements; and hence advanced CSI is needed.
Multi-Resolution CSI Reporting
3 
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In order to achieve high system performance, a multi-resolution CSI reporting framework can be considered for NR MIMO. The purpose of supporting multi-resolution is to provide more flexible CSI acquisition for users with different CSI reporting capabilities. For example, some users may be capable of reporting implicit CSIs only and some users may be capable of reporting both implicit and explicit CSIs. An example of the dual-resolution CSI reporting framework is shown in Figure 1 in which the CSI content consists of two subsets, CSI1 and CSI2. The first CSI subset (i.e., CSI1) is common to both resolutions and indicates the selection of a beam group (comprising of L beams). CSI1 may also include a rank indicator (i.e., RI) associated with the selected beam group. The second CSI subset (i.e., CSI2) is specific to the CSI resolution. 
· Low-res or implicit: CSI2 is derived based implicit CSI feedback framework (e.g. similar to up to LTE Rel. 14) and includes CSI components such as PMI/CQI. This resolution can be configured to users who are not capable of reporting high-resolution (explicit) CSI or users who are scheduled for SU transmission. 
· High-res or explicit: CSI2 is derived to report a form of quantized DL channel explicitly in order to facilitate more accurate CSI to the eNB. This resolution can be configured to users who are capable of reporting high-resolution CSI and can be scheduled for MU transmission.
As an example, the codebook supporting such a dual-resolution CSI feedback framework can be similar to Rel. 13 Class A dual-stage codebook: W = W1W2, where W1 codebook is used for CSI1 reporting and W2 is used for CSI2 reporting. 
In our companion contribution [5], initial simulations results are provided to compare the performance of implicit (low-res) and explicit (high-res) CSI feedback schemes. The results show large performance gap between implicit and ideal CSI feedback schemes, and that the performance close to ideal CSI can be achieved with explicit CSI feedback.
We therefore make the following proposal.   
Proposal 1: NR MIMO supports a multi-resolution CSI reporting framework for flexible CSI acquisition. At least two CSI reporting resolutions are supported:
· Low-resolution based on implicit CSI reporting framework 
· High-resolution based on explicit CSI reporting framework
High-Res or Explicit CSI Reporting
1.1 Design Alternatives
There are several explicit feedback design alternatives that have been considered in the past. These alternatives can be classified as follows:
· Explicit CSI type: Depending on the form of DL channel, the explicit CSI can be one of the following types:
· Channel feedback: the CSI represents DL channel for each SB. 
· Eigenvector: the CSI represents one or multiple dominant eigenvectors associated with the largest eigenvalues of the per SB channel.
· Covariance matrix: the CSI represents DL covariance matrix for each SB.  
· Dimension reduction: The DL channel according to the explicit CSI type can be projected or transformed to obtain its reduced-dimensional representation. Three examples of dimension reduction are as follows:
· Linear combination: the explicit CSI is represented as a linear combination of L basis vectors, where L basis vectors are indicated WB, and linear combination coefficients are reported per SB. An example of L basis vectors can be Rel. 13 Class A W1 codebook. Other examples of basis vectors can be found in [5 – 6].
· Transform based: the explicit CSI is transformed using transforms such as Discrete Cosine Transform, 1D or 2D Discrete Fourier Transform, and Karhunen–Loève Transform. A small number of dominant channel coefficients in the transformed space is fed back per SB. 
· Compression: the explicit CSI is compressed jointly in spatial (across antenna ports) and frequency (across SBs) domains. An example of such compression is based on the SVD of the explicit CSI matrix whose rows corresponds to explicit CSI for different SBs.    
· Quantization: The DL channel (with or without dimension reduction) is quantized and fed back to the eNB or TRP. A few example quantization alternatives are as follows:
· Complex quantization: the complex DL channel coefficients are quantized using a complex codebook.
· Scalar quantization: each DL channel coefficient is quantized separately. For example,
· Complex quantization: each complex DL channel coefficient is quantized using a complex codebook.
· Magnitude and phase quantization: the magnitude and phase of complex DL channel coefficients are separated and then quantized using magnitude and phase codebooks.
· Real and imaginary quantization: the real and imaginary parts of complex DL channel coefficients are separated and then quantized using real and imaginary codebooks. 
· Vector quantization: multiple complex DL channel coefficients are grouped into vectors and then quantized using a vector codebook. The grouping of channel coefficients is expected to exploit any dependencies across coefficients. These dependencies can be in spatial-domain across eNB and UE antennas, or in frequency domain across SBs.
· CQI/RI: in addition to channel, the explicit CSI report can be configured to include the following:
· CQI representing the largest eigenvalue associated with the dominant eigenvector; and
· RI to indicate a preferred rank.
Proposal 2: The following design alternatives should be considered in designing explicit CSI reporting for NR MIMO: 
· Explicit CSI type
· Dimension reduction before quantization
· Quantization of channel coefficients
· CQI/RI reporting
1.2 Overhead Reduction
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Because of channel quantization, the explicit CSI reporting amounts to significantly large feedback overhead. To reduce overhead, antenna subarray or partial port based explicit CSI reporting can be considered. An example is shown in Figure 2 in which the antenna ports are partitioned into 4 subarrays, and CSI-RS transmission and explicit CSI reporting are carried out for each subarray. The UE derives explicit CSI for each subarray either independently or dependently, and the eNB aggregates them to reconstruct the full explicit CSI.
The overhead can be reduced further by combining the partial port explicit CSI reporting with hybrid CSI-RS in which the UE receives two types of CSI-RS resources and reports two corresponding CSIs. The first CSI-RS is used to report the partial port explicit CSI. Using this explicit CSI, the second CSI-RS is beam-formed and the UE reports the corresponding second CSI, which can be explicit or implicit. In this hybrid operation, the (first) explicit CSI can be aperiodic (via PUSCH) depending on the need and the second CSI can be periodic. 
Proposal 3: To reduce overhead, explicit feedback can operate in conjunction with partial port and hybrid CSI-RS in which 
· 1st CSI-RS is transmitted from partial antenna ports and is targeted to obtain explicit feedback; and
· 2nd CSI-RS is beam-formed using the explicit feedback and is targeted to obtain a low overhead CSI feedback.
Conclusions
In this contribution, the need for advanced CSI feedback for NR MIMO is presented. The observations and proposals made are summarized as follows. 
Observation 1: Implicit CSI feedback scheme alone is not enough to meet NR MIMO requirements; and hence advanced CSI is needed.
Proposal 1: NR MIMO supports a multi-resolution CSI reporting framework for flexible CSI acquisition. At least two CSI reporting resolutions are supported:
· Low-resolution based on implicit CSI reporting framework 
· High-resolution based on explicit CSI reporting framework
Proposal 2: The following design alternatives should be considered in designing explicit CSI reporting for NR MIMO: 
· Explicit CSI type
· Dimension reduction before quantization
· Quantization of channel coefficients
· CQI/RI reporting 
Proposal 3: To reduce overhead, explicit feedback can operate in conjunction with partial port and hybrid CSI-RS in which 
· 1st CSI-RS is transmitted from partial antenna ports and is targeted to obtain explicit feedback; and
· 2nd CSI-RS is beam-formed using the explicit feedback and is targeted to obtain a low overhead CSI feedback.
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