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Introduction
In RAN1#87 [1], the following agreement about CSI acquisition was made.
Agreements:
· For Type I CSI, PMI codebook has at least two stages W = W1W2
· W1 codebook comprises of beam groups/vectors 
· FFS structure and configuration of W1 codebook, e.g. number of ports, grid of beams, orthogonal, non-orthogonal, beam broadening, etc
· FFS frequency granularity of W1 and W2 reporting
· FFS on additional support of W3 (location of W3 matrix is FFS), e.g. multi-panel support, analog beam selection
· Note multi-panel support may be captured in W1, W2 and/or W3
· For Type II CSI, 
· Study the following CSI feedback schemes
· Analog CSI feedback
· Linear combination based CSI feedback
· For example
· Projection of channel and/or covariance matrix and/or eigenvectors onto a basis
· Linear combination of a basis
· Schemes may have orthogonal and/or non-orthogonal basis
· Quantization examples
· Magnitude and phase
· Real and imaginary
· Vector quantization
· Precoder / Precoding Matrix
· Downloadable codebook
· Contents for Quantized or Unquantized CSI feedback
· Channel covariance matrix feedback
· e.g. Hermitian-form codebook, analog CSI feedback, linear combination codebook
· Channel Approximation and/or Measurement 
· e.g. analog CSI feedback, linear combination codebook
· Channel Eigen vectors
· e.g. analog CSI feedback, linear combination codebook
· Other forms of channel representation are not excluded.
Samsung’s high-level view on CSI acquisition for DL and UL NR MIMO is presented in companion contributions [2-3]. It has been agreed in RAN#74 that only linear combination based Type II CSI reporting schemes will be studied further in NR Phase I. This contribution proposes a unified codebook design framework for both PMI codebook in Type I CSI reporting and linear combination based codebook in Type II CSI reporting. The detailed codebook design for of the two CSI types are provided in the companion contributions [4-5].
NR Codebook Framework
[bookmark: _Ref465763741]Table 1: LTE codebooks and their main features
	LTE codebook
	Feature

	Rel. 8 2-port codebook
Rel. 8 4-port codebook
Rel. 10 8-port codebook
Rel. 12 enhanced 4-port codebook
Rel. 13 {8, 12, 16}-port Class A codebook 
Rel. 14 {20, 24, 28, 32}-port Class A codebook (if Rel. 13 Class A codebook is enhanced)
	Non-precoded or full-port CSI acquisition

	Rel. 13 {2, 4, 8}-port Class B, K = 1 codebook
	UE-specific beam-formed CSI acquisition

	Rel. 14 advanced CSI codebook
	Advanced CSI acquisition to improve MU performance


In (up to Rel. 14) LTE, there are many different codebooks supporting different MIMO features, a summary of which is provided in Table 1. If one were to re-design LTE codebooks supporting these features, then it is possible to unify most, if not all, of these codebooks into a common framework by introducing a few codebook parameters, which allow the gNB/TRP to configure a codebook to the UE by setting the codebook parameters to appropriate values. This approach is perhaps more efficient and is also scalable for future communication systems such as NR because they are expected to support more features than what LTE MIMO can offer. Therefore, the codebook design in NR should have a common framework, which is according to the following design guidelines at the least: 
· Flexibility: NR codebook should allow the flexibility to support users with different CSI reporting capabilities, channel conditions, and channel variations. For example, some NR users may only be capable of reporting implicit (Type I) CSI in the form of PMI/CQI/RI/CRI as in LTE and some other users may be capable of reporting both implicit (Type I) as well as explicit CSI (Type II). So, a UE should be configured with a codebook for CSI reporting depending on its CSI reporting capability.
· Beamforming support: 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 gNB/TRP. The NR codebook should be designed keeping this beamforming support in mind.
· Scalability: The codebook should be scalable to support both single and multiple antenna panels, and both co-located and distributed TRPs.
Proposal 1: NR codebook should follow at least following design guidelines:
· Flexible to support CSI reporting depending on user capabilities
· Support for CSI reporting in beamformed systems
· Scalable to support multiple antenna panels, and distributed TRPs.
Proposed codebook framework


[bookmark: _Ref462135397]Figure 1: Dual-resolution CSI reporting framework 
A dual-resolution CSI reporting framework is shown in Figure 1, in which two types of CSI resolution, Type I CSI and Type II CSI, can be reported. Each of the two CSI types has at least two CSI components: the first CSI component (i.e., CSI1) is common to both resolution types and indicates the selection of a beam group (comprising of L beams), e.g. using the first PMI (PMI1). CSI1 may also include a rank indicator (i.e., RI in Type I CSI) associated with the selected beam group. The second CSI component (i.e., CSI2) is specific to the configured CSI resolution type. 
· (Type I) Low-resolution CSI reporting: CSI2 is derived based on implicit CSI reporting framework (e.g. up to LTE Rel. 14 Class A codebook based CSI reporting) and includes CSI components such as the second PMI (PMI2) and CQI, where PMI2 indicates beam selection from the beam group indicated by PMI1 and co-phase for two polarizations. This CSI type can be configured to users who are not capable of reporting high-resolution Type II CSI or users who are scheduled for SU transmission. Also, this CSI reporting type can be the default CSI reporting type for all NR UEs.
· (Type II) High-resolution CSI reporting: CSI2 is derived to report a form of quantized DL channel explicitly in order to facilitate more accurate CSI to the gNB, where the quantized explicit CSI is reported based on combination of beams in the beam group indicated by PMI1. This CSI type can be configured to users who are capable of reporting high-resolution Type II CSI or/and can be scheduled for MU transmission.
The focus of this contribution is on the codebook design for this dual-resolution CSI reporting framework. In particular, similar to LTE Rel. 14, the proposed codebook is a dual-stage codebook: W = W1W2, where the first stage W1 codebook is used to report a beam group for both Type I and Type II CSI using the first PMI (PMI1), and the second stage W2 codebook is used to report beam selection for implicit feedback (Type I CSI) and beam combination for explicit feedback (Type II CSI) using the second PMI (PMI2). Similar to LTE, the frequency granularity of PMI1 reporting is at least equal to that of PMI2 reporting, for example, PMI1 is reported WB and PMI2 is reported SB. Note that for small number of ports, W1 can be an identity matrix, and a single PMI is reported using the W2 codebook.  


[bookmark: _Ref467671608]Figure 2: An illustration of 2D antenna port layout
In the following, we assume that N1 and N2 are the number of antenna ports with the same polarization in the first and second dimensions, respectively. For 2D antenna port layouts, we have N1 > 1, N2 > 1, and for 1D antenna port layouts N1 > 1 and N2 = 1. So, for a dual-polarized antenna port layout, the total number of antenna ports is 2N1N2. An illustration of 2D antenna port layout is shown in Figure 2.


[bookmark: _Ref471720231]Figure 3: An illustration of basis set for dimension reduction
The W1 codebook comprises of the following components:
· Basis set: The basis set for dimension reduction is shown in Figure 3, where each small square represents a 2D DFT beam. An oversampled DFT codebook comprising of O1N1 × O2N2 DFT beams, where O1 and O2 are oversampling factors in first and second dimensions, respectively, is used to construct basis sets, which comprises of L1 and L2 uniformly spaced beams in the two dimensions. So, the number of beams in a basis set is L1L2. A few example values for Ld, where d = 1, 2 belong to {1,2,4,…,Nd}. Two types of basis sets parameterized by the beam spacing parameters (p1, p2) which represent spacing between two adjacent beams in two dimensions are considered:
· Non-orthogonal: (p1, p2) = (1, 1), which corresponds to L1L2 closely spaced beams.
· Orthogonal: (p1, p2) = (O1, O2), which corresponds to L1L2 orthogonal beams.
An illustration of two types of basis set is shown in Figure 3. 
· Beam group selection: L out L1L2 beams are selected from the reported basis set. A few examples of L values belong to {1, 2, …, L1L2}. Two alternatives for the beam selection are as follows. 
· Fixed patterns: The selection of L beams is fixed and is based on pre-defined patterns. A few examples are shown in Figure 4.


Figure 4: Fixed beam selection patterns assuming (p1, p2) = (1, 1)
· Free selection: The selection of L beams is unrestricted and any L out of L1L2 beams can be reported. 
The basis after beam selection is given by
,
where  is a  matrix whose columns are L DFT beams selected from  DFT beams in a basis set, and  is the index set of L selected beams, and  and .

The W2 codebook for the two CSI types are as follows:
· Type I: The W2 codebook is based on beam selection and is as follows.
· Rank 1: it performs a single beam selection from the selected L beams, and a co-phase selection from the co-phase alphabet such as {1, j, -1, -j}. The resultant rank-1 pre-coder is given by , where  is a beam selection vector whose k-th entry is 1 and rest of the entries are zero, and is a co-phase value.
· Rank 2: it selects a pair of beams from the selected L beams, and a co-phase pair selection from the co-phase alphabet such as {1, j, -1, -j}. The resultant rank-2 pre-coder is given by , where  and 
· Rank r: The resultant rank-r pre-coder is given by . 
· Type II (beam combination): The W2 codebook is based on beam combination and is used to report at least one of the following two CSI sub-types.
· Type II-A: the W2 codebook is used to quantize pre-coders, which can be an estimate of channel eigenvectors or any general beamforming vectors.
· The linear combination based quantization of pre-coder is given by  where  and  is a complex coefficient for i-th beam in basis  
· To report rank r CSI, r dominant pre-coders are reported independently using linear combination of L beams. For r layers, either r separate PMIs or a single PMI is reported. 
· Type II-B: the W2 codebook is used to quantize a matrixa 2N1N2 × 2N1N2 matrix, as Type II CSI, where the linear combination based quantization is given by  where  is a 2L × 2L Hermitian matrix. The matrix is therefore Hermitian and non-negative definite. An example is an estimate of channel covariance matrix .
Proposal 2: NR supports a dual-stage codebook: W = W1W2, where 
· the first stage W1 codebook is used to report a beam group for both Type I and Type II CSI using the first PMI (PMI1);
· the second stage W2 codebook is used to report beam selection for Type I CSI and beam combination for Type II CSI using the second PMI (PMI2); and
· the frequency granularity of PMI1 reporting is at least equal to that of PMI2 reporting.
The W1 codebook comprises of the following components:
· Basis set for dimension reduction comprising of  beams, which are either non-orthogonal or orthogonal.
· Beam group comprising of L beams that are selected from the basis set, where beam groups are selected either based on fixed beam patterns or freely.   
The W2 codebook is as follows:
· Type I: it is based on beam selection using L beams in the selected beam group; and
· Type II: it is based on beam combination using L beams in the selected beam group.
· Type II-A: beam combination is used to quantize pre-coders (e.g. channel eigenvectors);
· Type II-B: beam combination is used to quantize matrix (e.g. channel covariance matrix).

Codebook configuration
The UE is configured with the W1 codebook parameters which includes at least some/all of the following: 
· Number of ports in two dimensions: (N1, N2)
· Oversampling factors in two dimensions: (O1, O2) 
· Basis set: basis set size (L1, L2), and non-orthogonal or orthogonal basis set, and
· Beam group selection: number of beams (L), and fixed or free beam selection. 
The UE is also configured with one of the two W2 codebook types (Type I or Type II). If both pre-coder and matrix quantization are supported in Type II CSI, then the UE is also configured with one of the two Type II sub-types. Both W1 and W2 codebook is configured via higher-layer signalling such as RRC.
Proposal 3: The UE is configured with the NR codebook via higher-layer RRC signalling, and the configuration includes some/all of the following:
· W1 codebook: number of ports (N1, N2), oversampling factors (O1, O2), basis set size (L1, L2), non-orthogonal or orthogonal basis set, number of beams in a beam group (L), and fixed or free beam selection.  
· W2 codebook: Type I or Type II CSIs, and Type II-A or Type II-B if both are supported as Type II CSI. 

Conclusions
In this contribution, a codebook design framework for Type I and Type II CSI reporting is presented. The proposals made are summarized as follows. 
Proposal 1: NR codebook should follow at least following design guidelines:
· Flexible to support CSI reporting depending on user capabilities
· Support for CSI reporting in beamformed systems
· Scalable to support multiple antenna panels, and distributed TRPs.
Proposal 2: NR supports a dual-stage codebook: W = W1W2, where 
· the first stage W1 codebook is used to report a beam group for both Type I and Type II CSI using the first PMI (PMI1);
· the second stage W2 codebook is used to report beam selection for Type I CSI and beam combination for Type II CSI using the second PMI (PMI2); and
· the frequency granularity of PMI1 reporting is at least equal to that of PMI2 reporting.
The W1 codebook comprises of the following components:
· Basis set for dimension reduction comprising of  beams, which are either non-orthogonal or orthogonal.
· Beam group comprising of L beams that are selected from the basis set, where beam groups are selected either based on fixed beam patterns or freely.   
The W2 codebook is as follows:
· Type I: it is based on beam selection using L beams in the selected beam group; and
· Type II: it is based on beam combination using L beams in the selected beam group.
· Type II-A: beam combination is used to quantize pre-coders (e.g. channel eigenvectors);
· Type II-B: beam combination is used to quantize matrix (e.g. channel covariance matrix).
Proposal 3: The UE is configured with the NR codebook via higher-layer RRC signalling, and the configuration includes some/all of the following:
· W1 codebook: number of ports (N1, N2), oversampling factors (O1, O2), basis set size (L1, L2), non-orthogonal or orthogonal basis set, number of beams in a beam group (L), and fixed or free beam selection.  
· W2 codebook: Type I or Type II CSIs, and Type II-A or Type II-B if both are supported as Type II CSI. 
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