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1. Introduction

In the RAN 1 #86b meeting, the following agreements on antenna structure assumption have been achieved [1]. 
Agreements:
· Study at least the following different multi-panel structures at both TRP and UE
· Uniform array: antenna elements with the same polarization from multiple panels are uniformly distributed in horizontal and vertical dimensions respectively (see Fig.1(a) in R1-1610893 as an example)
· Non-uniform array: antenna elements with same polarization from multiple panels are not uniformly distributed in horizontal or vertical dimension (see Fig.1(b) in R1-1610893 as an example)
· Study the coherent/non-coherent MIMO transmission based on uniform/non-uniform array structure at TRP or UE
· E.g., Codebook design, calibration accuracy, interference measurement, advanced receiver design, interference hypothesis
 
Also, regarding CSI reporting, following is agreed.
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

In this contribution, we share our view on NR codebook design.

2. Design Consideration
Following figure shows general array structure which covers both uniform array as well as non-uniform array.
[image: ]
Figure 1 Considered Antenna Array Pattern
In [2], following considerations for NR codebook design was proposed.
The multiple panels deployed at the TRP side can be utilized for the data transmission to one UE. Depending on the beamforming selection on the antenna panels different MIMO transmission schemes can be realized. For example transmission with higher rank can be used to improve the peak data rate of the UE and may require different beam selection on the TRP antenna panels. The high gain / narrow beam (i.e. single narrow beam) transmission can be provided for coverage limited UEs by using the same beamforming and joint precoding across TRP antenna panels.  Considering various beamforming options for antenna panels, the beamforming on CSI-RS antenna ports as well as the codebook structure should be carefully designed to support all MIMO transmission schemes in the NR system. 
In NR system with multiple beams, beam management and/or CSI feedback should support beam selection. In LTE, beam selection at the TRP is done by CSI feedback or using RRM measurements using DRS while, in NR, separate (analog) beam selection protocol (P-1 to P-3) is considered. For beamformed reference signal, the beam selection can be realized by assigning different beamforming for the RSs. In this case one or multiple selected beams can be reported by the UE. Another approach can be using beamformed CSI-RS similar to LTE FD-MIMO. In this approach, the beam selection codebook can be further extended. For example Kronecker product based codebook can be used on the beam selection entries of the PMI to perform 2D precoding across the selected beams. In this case a single codebook can be used to support high rank transmission without joint precoding across beams or high gain transmission with joint precoding across the beams. The actual subset of the codebook entries that should be used can be configured by the TRP depending on the beam configuration and selected transmission scheme. In summary, beam management protocol can handle beam selection functionality while CSI-RS and feedback protocol can be used for further process of the selected beams. In case, CSI-RS is used for one of beam management procedure (e.g. P-2), those functionalities can be supported simultaneously.
It should be noted that support of non-coherent precoding may be also beneficial to support some NR scenarios. More specifically, depending on implementation multiple antenna panels at the TRP may not be coherent to support joint precoding discussed above. In addition the panels can be deployed at the different TRPs to perform coordinated multi-point transmission to the UE. To support these scenarios, the codebook can be further enhanced to support independent beam selection on multiple CSI-RS antenna ports. In another approach multiple CSI-RS resources associated with different panels or beams can be used. Similar consideration can be done for CL-MU MIMO where each panel forms different direction beams toward different UEs. 
In some scenarios CSI-RS antenna ports spacing within CSI-RS resource can be non-uniform that may require special consideration in the precoding vectors design. For example, the codebook with dual co-phasing structure can be considered to support two stage joint precoding across CSI-RS antenna ports of one spacing and across CSI-RS antenna port groups with another antenna spacing.
The codebook structure may also support beam patterns with different beam width. For example the narrow beam PMIs may be required for low rank transmission to provide sufficient beamforming gain, while the need of supporting wide beam PMIs arises in the scenarios with higher rank transmission (e.g. 3-4 layers) to increase probability of the higher transmission rank selection without significant loss. The use of widen beam may be also preferable in high mobility scenario for more robust selection of the precoding at the.  
Proposal 1: 
· CSI feedback should be designed to support different MIMO transmission schemes such as high rank transmission, beam selection, beam diversity, coherent and non-coherent joint transmission from multiple beams / transmission points, transmission with beam broadening

3. Codebook Structure
In this section, we propose a single codebook structure to support beam selection (both analog and digital), beam combining, single and multi-TRP transmission, and beam broadening for high rank transmission. 
The codebook structure is defined as product of three matrices:
W1W2W3
where,
W1 is matrix that contains beamforming vectors of candidate beams, a.k.a. grid of beams, where beams could correspond to DFT vectors or other vectors e.g. supporting beam broadening
W2 is matrix that contains vectors for beam selection or combining within antenna panel
W3 is matrix that contains beam selection or power loading for analog beams, and co-phasing between different antenna panels/polarizations 

In more detail,



where, 
W1 is M∙N x K∙N block diagonal matrix
W2 is K∙N x N block diagonal matrix
W3 is N x Ns matrix

is M x K all zero matrix
M is number of antenna ports per panel per polarization.
N is (Number of antenna panel (=P) x polarization (=Po)) x (Number of Analog Beams=B)
K is Number of beams for select or combine
Ns is Number of spatial streams

 is beamforming vector for j-th panel

 is beam selection/linear combining vector within k-th panel

 is co-phasing/linear combining vector between panels and/or polarizations for s-th spatial stream
Figure 2 shows the illustration of propose codebook structure.



[bookmark: _Ref465534521]Figure 2 Illustration of Proposed Codebook Structure 



First of all, beam generation (similar to Class A ) can be done by . On top of that it can be further extended to include beam broadening functionality for high rank transmission as follows.

                        ………. (1)





where  if Nk, otherwise   and is beam broadening factor which may be set differently for different dimension (index k), and different codebook index (index m). Please refer [3] for more detail. Note that non-beam broadening vector, i.e. Class A  is equivalent to  for all m, k, i.

Second, beam selection within grid of beams or linear beam combining can be done by . For instance, if there is four beams in grid of beams and selects one of the beam, then K = 4, and select one of 

                                                                                                                        ………. (2)
Linear combining can be also done as 

……. (3)

Lastly, co-phasing or the linear beam combining between different panel/polarization can be done by . In case of co-phasing, 

                                                                                                                                            ………. (4)

In case of linear combining,

                                                                                                                                  ………. (5)


Note that  can be 1 or 0, then it becomes panel selection. This mode of operation is useful for multi-TRP joint processing or Analog beam selection which is illustrated in below figure. 


Figure 3 Antenna Panel Selection Functionality of Proposed Codebook Structure


Figure 4 Analog Beam Selection Functionality of Proposed Codebook Structure

Depending on vector type restriction (or effectively parameter/value restriction), we can have two types of codebook, i.e. Type I- Normal mode and Type II- Enhanced mode where feedback for Type II requires more overhead than Type I.

Table 1 Vector Type for Type I and Type II Codebook
	
	Type I Codebook
	Type II Codebook

	
	Vector
	Note
	Vector
	Note

	

	
Class A  or its extension,


	See equation (1),
Same vector for different polarization
	
Class A  or its extension
	See equation (1),
No restriction on index j

	

	Beam Selection


	See equation (2)
Same vector for different polarization
	Linear Combining
	See equation (3)
No restriction on index k

	

	Co-phasing
	See equation (4)
	Linear Combining
	See equation (5)



One particular example of Type I Codebook (normal mode) can be found in following figure.


Figure 5 Example of Type I Codebook



In the above figure, is based on LTE Class A codebook which is Kronecker product of two DFT vectors. is beam selection vector, which contains only one non-zero value. In this case, we can write Then, 


In case of rank-1 transmission, it becomes



If each panel is facing same direction and calibrated, then can be same value for all k.

Proposal 2. NR supports codebook structure using a product of three matrices.
W1W2W3
where,
W1 is matrix that contains candidate beamforming vectors for each panel, a.k.a. grid of beams
W2 is matrix that contains linear combination vectors within k-th panel
W3 is matrix that contains linear combination vectors between panels and/or polarizations
Proposal 3. NR supports CSI reporting with following two types of spatial information feedback
· Type I feedback: Normal 
· Codebook-based PMI feedback with normal spatial resolution, or limited parameters in codebook generation
· Type II feedback: Enhanced 
· Codebook-based PMI feedback with higher spatial resolution, or non-limited parameters in codebook generation 

4. Conclusion
In this contribution, we discussed consideration on codebook design, and we proposed a general codebook structure to support various desired functionalities for NR.
Proposal 1. 
· CSI feedback should be designed to support different MIMO transmission schemes such as high rank transmission, beam selection, beam diversity, coherent and non-coherent joint transmission from multiple beams / transmission points, transmission with beam broadening

Proposal 2. NR supports codebook structure using a product of three matrices.
W1W2W3
where,
W1 is matrix that contains candidate beamforming vectors for each panel, a.k.a. grid of beams
W2 is matrix that contains linear combination vectors within k-th panel
W3 is matrix that contains linear combination vectors between panels and/or polarizations

Proposal 3. NR supports CSI reporting with following two types of spatial information feedback
· Type I feedback: Normal 
· Codebook-based PMI feedback with normal spatial resolution, or limited parameters in codebook generation
· Type II feedback: Enhanced 
· [bookmark: _GoBack]Codebook-based PMI feedback with higher spatial resolution, or non-limited parameters in codebook generation 
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