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Introduction
In RAN1#86b [1], the following agreement about CSI acquisition was made.
Agreements:
· 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
Samsung’s high-level view on CSI acquisition for DL and UL NR MIMO is presented in companion contributions [2-3]. This contribution proposes a unified codebook design framework for both Type I and Type II CSI reporting, and to facilitate flexible CSI acquisition and reporting from different NR UEs. 
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.
· Unified design: Since NR includes both above and below 6 GHz frequency bands, a unified codebook working for both frequency regimes is preferable. 
· 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
· Unified codebook for both above and below 6 GHz
· Scalable to support multiple antenna panels, and distributed TRPs.
Proposed codebook framework
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. 
The proposed codebook framework comprises of the following components, each of which is configurable:
· Basis set: Depending on whether the UE is configured with CSI reporting with or without dimension reduction, the UE is configured with a basis set of one of the following two types. 
· Full dimension: the basis set is given by
,
where  is an identity matrix. The UE can be configured with the full dimension basis for Type II (explicit) CSI reporting.
· Reduced dimension: the basis set is a 2 x 2 block diagonal matrix whose diagonal blocks are of size . The two diagonal blocks may or may not be identical. Assuming identical diagonal blocks, the basis set has the following structure:  
,
where  is ,  , and  for 2D port layouts, and  for 1D port layouts. The UE can be configured with the reduced dimension basis set for both Type I (implicit) and Type II (explicit) CSI reporting. An example of basis set for dimension reduction is shown in Figure 1.



[bookmark: _Ref453757669]Figure 1: An illustration of basis set for dimension reduction
An oversampled DFT codebook serves as the basis set comprising of O1N1 × O2N2 DFT beams, where O1 and O2 are oversampling factors in first and second dimensions, respectively. A basis set comprises of L1 and L2 uniformly spaced beams in the two dimensions. So, the number of beams in a basis set is L1L2. The basis set is further parameterized by beam spacing parameters (p1, p2) which represent spacing between two adjacent beams in two dimensions. A few example values for Ld and pd, where d = 1, 2 belong to {1,2,…,Nd} and {1,2,…,Od}, respectively. An illustration of two types of basis set is shown in Figure 1, where each small square represents a 2D DFT beam. When (p1, p2) = (1, 1), the basis set corresponds to L1L2 closely spaced beams, and when (p1, p2) = (O1, O2), it corresponds to L1L2 orthogonal beams. A UE is configured with one of the basis set types by configuring (L1, L2) and (p1, p2). 
· 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. A UE is configured with one of these alternatives. 
· Parameterized: The selection of L beams is fixed and is parameterized by a codebook parameter Config. A few examples are shown in Figure 2.


[bookmark: _Ref454447770]Figure 2: Parameterized beam group selection assuming (p1, p2) = (1, 1)
· Unconstrained: The selection of L beams is unconstrained and any L out of L1L2 beams can be reported. 
The basis after beam selection is given by
,
where  is the index set of L selected beams, and  and .
· Beam combination: Similar to LTE, if the UE is configured with Type I (implicit) CSI reporting, the selected L beams are linearly combined (LC) using LC coefficient vector  of size . The rank 1 pre-coding vector in this case is given by    
· If L = 1, the LC coefficient vector corresponds to a co-phase vector , similar to LTE (up to Rel. 13) codebooks. 
· If L > 1, the LC coefficient vector corresponds to a beam combination vector , similar to combination codebook currently under discussion for advanced CSI codebook in Rel. 14 eFD-MIMO. 
· Explicit feedback: If the UE is configured with Type II CSI (explicit) reporting, then the UE reports a form of DL channel (channel itself or eigenvectors or covariance matrix) with (fewer than 2N1N2 channel coefficients) or without dimension reduction (2N1N2 channel coefficients). The details about the Type II (explicit) CSI reporting is provided in companion contribution [4].
As an example, how both Type I and Type II CSI reporting can be configured using the proposed codebook framework is shown in Figure 3. In this example, the CSI content consists of two subsets, CSI1 and CSI2. The first CSI subset (i.e., CSI1) is common to both Type I and Type II CSIs 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 type. 
· Type I (low-res or implicit): CSI2 is derived based on implicit CSI feedback framework (e.g. similar to up to LTE Rel. 14) and includes CSI components such as PMI/CQI where PMI indicates beam combination of L beams. This CSI type is configured to users who are not capable of reporting high-resolution (explicit) CSI or users who are scheduled for SU transmission. 
· Type II (high-res or explicit): CSI2 is derived based on explicit CSI feedback framework and hence includes CSI components such as reduced dimensional channel. This CSI type is configured to users who are capable of reporting explicit CSI and can be scheduled for MU transmission.
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[bookmark: _Ref458518391]Figure 3: Type I and Type II CSI reporting under proposed codebook framework
Proposal 2: NR codebook framework comprises of at least following configurable codebook components:
· Basis set for dimension reduction
· L beam selection from the basis set
· Beam combination of L selected beams for Type I (implicit) CSI reporting
· Channel, eigenvector, or covariance matrix feedback for Type II (explicit) CSI reporting, where 
· CSI is reported with or without dimension reduction (using L selected beams).
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
· Unified codebook for both above and below 6 GHz
· Scalable to support multiple antenna panels, and distributed TRPs.
Proposal 2: NR codebook framework comprises of at least following configurable codebook components:
· Basis set for dimension reduction
· L beam selection from the basis set
· Beam combination of L selected beams for Type I (implicit) CSI reporting
· Channel, eigenvector, or covariance matrix feedback for Type II (explicit) CSI reporting, where 
· CSI is reported with or without dimension reduction (using L selected beams).
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