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Introduction
At the RAN1 #86 meeting [1], during the CSI measurement and reporting discussion, the following agreements were made, which indicate the codebook design for NR.
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

In addition, the number of antenna ports to be supported in NR was discussed and the following was agreed.
Agreements:
· For NR, support DL CSI measurement with X antenna ports
· Study the values of X = 1,2,4,8,12,16,20,24,28,32
· Study whether additional values of X are needed, including X > 32 (e.g., 64)
· Other values of X are not precluded

In this contribution, we discuss the codebook design issue for NR MIMO.
Codebook design requirements
A codebook is required for the BS and the UE to align the precoder selection for appropriate MIMO transmission. In the closed loop MIMO transmission scheme with implicit feedback, a UE selects an appropriate precoding matrix from a codebook and feeds back the precoding matrix index to the BS. For an open loop MIMO with spatial multiplexing, the BS can transmit data in different time/frequency resources with different precoders, e.g., by so-called precoder/beam cycling. The precoding cycling pattern shall be known by the UE in order to correctly demodulate the data or to correctly estimate the CQI for link adaption. Even with beamformed CSI-RS, and DMRS, wherein the precoding information becomes transparent to the UE, a codebook may still be necessary, due to the following reasons. Cell specific beamformed CSI-RS may require a large number of beams, e.g., larger than the antenna ports, which may lead to larger CSI-RS overhead. For UE specific beamformed CSI-RS, i.e., like LTE eMIMO type Class B (K=1) case, a codebook is defined for beam selection and co-phasing between the two polarizations. During the LTE eFD-MIMO discussion, codebook design is relevant to the semi-open-loop MIMO transmission, and hybrid scheme of Class A (i.e., non-precoded CSI) and Class B (K=1). 
For NR-MIMO design, non-codebook based feedback schemes are also attractive. Explicit feedback, including unquantized analog feedback are competitive solutions to provide more accurate channel information. On the other hand, codebook based implicit feedback has been thoroughly studied in LTE. It is reasonable to consider codebook based implicit feedback as a starting point and strive to design feasible explicit feedback solutions for NR.
Given the above summary of the LTE codebook requirement, and considering that some of these requirements are valid at least for NR <6GHz scenario, we propose to study the codebook design for NR.
Proposal 1: Study codebook design for NR as a baseline feedback scheme. 
Scalable codebook design
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Various types of codebooks were specified in LTE for different antenna port numbers and different antenna port layouts, due to the phased study of different antenna array sizes and structures. In LTE Rel. 8, codebooks are specified for 2 and 4 ports. In Rel. 10, codebooks are specified for 8 ports (with 1D layout only) and up to 8 layers, and focused on cross-polarized antenna array. In Rel. 12, an alternative 4-port codebook is designed to further optimize the performance. In Rel. 13, a very flexible codebook design is introduced, the antenna port layout is parameterized by the number of ports per dimension of a 2D port layout. It supports cross polarized array with the port layouts listed in Table I. 
Table I: Supported configurations of (N1, N2) and (O1, O2) in LTE Rel. 13.
	Number of 
CSI-RS antenna ports, P
	

	


	
	
	

	8
	(2,2)
	(4,4), (8,8)

	12
	(2,3)
	(8,4), (8,8) 

	
	(3,2)
	(8,4), (4,4) 

	16
	(2,4)
	(8,4), (8,8) 

	
	(4,2)
	(8,4), (4,4) 

	
	(8,1)
	(4,-), (8,-)


In the NR codebook design, it is desired to consider a flexible codebook design, too. Considering that the LTE Rel. 10 8-port codebook and Rel. 12 4-port codebook share some similar structure of the LTE Rel. 13 codebook, it is expected that a natural extension of the LTE Rel. 13 codebook to cover those two use cases shall be reasonable. 
Proposal 2: Consider a scalable codebook design, parameterized by the number of ports per dimension of a 1D/2D port layout to cover all necessary antenna port numbers for NR.
For a given antenna port number, it shall be further studied, which antenna port layout is supported. Such discussion shall take into account different possible antenna port labeling options, as illustrated in Figure 1 and Figure 2.
[image: ]
Figure 1: Port labeling option 1: different codebooks for different structures with a same number of ports.
[image: ]
Figure 2: Port labeling option 2: By transpose indexing, a single codebook can be applied for different structures with a same number of ports.
Observation 1: Antenna port layout for codebook design can be further studied.
The LTE Rel. 10, 12 and 13 codebooks are mainly based on the grid of beam approach, as illustrated in Figure 3. The precoding matrix are constructed by selection and combination of DFT beams which span the entire angular domain. Suitable precoders are searched in two stages. The first stage beam searching is wideband and can be long-term, wherein a group of candidate beams are found. The second stage beam searching can be subband and can be short term, wherein beams are selected and co-phase are determined across different polarizations. Several parameters are related to the grid of beam, and the beam group, which may impact the performance of the codebook.
First of all, the total number of beams in the grid of beam shall be determined. Having more beams will provide better coverage, however, increase the feedback overhead. Secondly if the beam group size and the beam pattern used in the first stage. As the first stage beam searching targets at extracting long term wideband channel characteristics. The beam group size and the beam pattern shall correctly reflect that.
[image: ]
Figure 3: Illustration of the grid of beam and beam group.
Besides the flexible configurability of the antenna port layout, the LTE Rel. 13 codebook also provides the configurability of the beam number of the beam group configuration. Beam number is controlled by a so-called over-sampling factor. The beam number in a single dimension is the product of antenna port number Ni times the over-sampling factor Oi. The supported over-sampling factor values are listed in Table I for different antenna port layouts. For a single number of antenna port number, there are quite a few different combinations of over-sampling factors. The original intension is to allow more flexible configurability. However, the design shall be simplified if different over-sampling factor combinations do not effectively impact the performance.
Observation 2: Over-sampling factor can be further studied to limit the number of combinations.
In the LTE Rel. 13 codebook, four different beam group configurations are provided. The beam group pattern for rank 1 and rank 2 are illustrated in Figure 4. Among the four configurations, config 1 is a special case as the beam group contains only one active beam. Using config. 1, there is no further beam selection in stage two and the feedback overhead can be reduced. However, the beam group size and beam group pattern is designed to capture the wideband and long-term channel characteristics. The selection of the beam group will impact the performance. 
[image: ]
Figure 4: Beam group patterns.
The above beam group patterns were designed for 12 and 16 port arrays which are not so massive. Given that the NR antenna array may be much larger, it may be necessary to further optimize the beam group design. With more antenna elements, very narrow beams will be formed. More beams or wider beam spacing are needed to cover a specific angle spread. In addition, sub-array structure within the supported antenna port layout can be introduced for more flexible control of the beam width. Performance benefit shall then be clarified.
Observation 3: Beam group size and beam group pattern can be studied.
Given the above discussion, the following proposal is made.
Proposal 3: The following codebook design details can be studied, based on performance evaluation.
· Over-sampling factor
· Beam group size and pattern
Additional codebook design criterion
Advanced CSI reporting discussion is in progress in Rel.14 MIMO. The design is for channel capture and high resolution beam forming. One of the possible solution is linear combination codebook. Compared to normal codebook which selects a most appropriate beam, linear combination codebook generates a precoder by weighting and combining more than one beams. Performance evaluations demonstrate attractive gain over the conventional codebook. Such an idea can also be expanded to construct explicit feedback. For instance, a number of basis beams are specified and the channel matrix or the eigen-vector of the channel matrix is projected to the space spanned by the basis; and the coefficients of the basis beams are fed back to the BS with or without further quantization. They may require larger feedback overhead but provide certain performance benefit. 
Proposal 4: Study beam combination based codebook in addition to beam selection based codebook.
Considering the tradeoff between the performance and feedback complexity, it is desired to enable dynamic switching between these two types of codebook, if both of them will be supported in NR.
Both of the above mentioned codebook design schemes are based on the operation of the beams. It can be further considered that the beam selection based codebook is a special case of beam combination based codebook where the number of “combined” beam is 1. It is desired to design a common framework to accommodate both types of codebook. For example, it may be possible to unify the wideband and long-term beam group selection. More specifically, if we consider the LTE dual-stage based codebook W=W1W2, we may consider to unify the design of W1 and have two different W2 codebooks for two types of codebook. From the feedback point of view, such a design can enable a modular design of the feedback components, e.g., including, PMI1 for W1, a first PMI2 for beam selection, additional contents for beam combination. 
Proposal 5: Strive to unify the codebook design and the feedback design for beam selection based codebook and beam combination based codebook if both are supported in NR.
Summary
In this contribution, we discuss the codebook design requirement for NR. Based on the discussion, we have the following observations and proposals.
Proposal 1: Study codebook design for NR as a baseline feedback scheme. 
Proposal 2: Consider a scalable codebook design, parameterized by the number of ports per dimension of a 1D/2D port layout to cover all necessary antenna port numbers for NR.
Proposal 3: The following codebook design details can be studied, based on performance evaluation.
· Over-sampling factor
· Beam group size and pattern
Proposal 4: Study beam combination based codebook in addition to beam selection based codebook.
Proposal 5: Strive to unify the codebook design and the feedback design for beam selection based codebook and beam combination based codebook if both are supported in NR.
Observation 1: Antenna port layout for codebook design can be further studied.
Observation 2: Over-sampling factor can be further studied to limit the number of combinations.
Observation 3: Beam group size and beam group pattern can be studied.
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