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Introduction
At the RAN1 #82bis meeting [1], a general framework for the 2D codebook was established and agreed. To support different antenna array configurations, the codebook parameters, w.r.t. the array size information, i.e., N1, N2 and the over-sampling factors, i.e., O1, O2 of the two dimensions are configurable. In order to support different 2D antenna deployment scenarios, it is preferred to have different codebook structures that are suitable for different deployment scenarios. On the other hand, in order to ensure the storage and the complexity when implementing the codebooks, it is desired to limit the total number of codeword entries of all codebooks. For that purpose, a master codebook concept was introduced. The master codebook is sub-sampled in different ways in order to create different codebook subsets that are suitable for different deployment scenarios. On the other hand, the master codebook is not a simple concatenation of codebooks with different structures. It is designed in a compact form to reduce the complexity and the storage requirement. Based on the agreement of the 2D codebook framework, the rank-1 codebook design was discussed and agreed in [2]. Subsequent discussion on rank-2 to rank-8 codebook was carried out in the email discussion of [3]. Proposals were submitted in the email discussion and summarized by rapporteur in [4]. In this contribution, we review the high-rank codebook proposals and present our preference of the final selection of the codebook proposals.
2D Codebook Design for Rel. 13 MIMO
Following the agreements made at the RAN1 #82bis meeting, it can be understood that the master codebook for a Rel. 13 2D codebook can be formulated as follows,
where the matrix  has a dimension of (L'1,L'2) = (4,2), (2,4) for N1>=N2 and N1<N2, respectively. Codebook subset selection is applied to create a concrete codebook from the master codebook. Then, a concrete codebook can be formulated as follows:
where  represents column selection operation on a matrix X; and the subscript c indicates a detailed column selection configuration. At the RAN1 #82bis meeting, it was agreed that the master codebook can be sub-sampled in 4 different ways, e.g., with 4 different configurations. Therefore, c = 1, 2, 3, or 4. It was agreed, as shown below, that for rank-1 and rank-2, 1 beam is selected for Config 1 and 4 beams are selected for Config 2, 3 or 4. 
· Given the value of Config, a subset of codewords from the codebook table is selected as an active subset of values of i'2, associated with one of the following 4 configurations: (see slide 5) 
· Config =1: (L1,L2) = (1,1) for rank 1-2 
· Config =2: (L1,L2) = (2,2) for rank 1-2 [square]
· Config =3: (L1,L2) = (2,2) for rank 1-2 [non-adjacent 2D beams/checkerboard]
· Config =4: (L1,L2) = (4,1), (1,4) for N1>=N2 and N1<N2 respectively for rank 1-2
· TBD rank 3-8


So the underlying motivation of such a limitation on the selected beam number is for the sake of complexity and storage control. Although the master codebook has set a limit of  beams in the beam group, it is still desired that the sub-sampled beam number is also limited. The agreed rank-1 codebook has followed this constraint. So it is proposed that at least the rank-2 codebook shall follow the same principle.
Proposal 1: For rank-1 and rank-2, the subset selection from a master codebook shall follow the previous agreement that, for config 1, one beam is selected; for config 2, 3 or 4, 4 beams are selected.
During the discussion of the Rel. 13 codebook requirement, it was proved that multiple codebook structures are desired to match different channel characteristics in different deployment scenarios. A simple way to achieve that is to define several different codebooks, even for a same antenna array configuration. However, it is preferred also to reduce the complexity and the storage consumption for codebook implementation. In that sense, the master codebook concept was introduced. A master codebook is not a simple concatenation of codebooks with different structures. It is a compact set of codewords which covers all different codebook subsets. To make the master codebook compact and efficient, different codebook subsets shall be designed jointly. In the agreed rank-1 codebook, there are 32 codewords in the W2 master codebook. Then this number shall be set as the upper bound of the size of W2 master codebook. It can also be considered that in the future, the master codebook can be used without subset selection. In that sense, it is also beneficial to have a master codebook size of the power of 2 for the sake of efficient feedback.
Proposal 2: The maximum number of codewords in a W2 master codebook shall be limited to 32, for all ranks.
Review Codebook Proposals
After the RAN1 #82bis meeting, an email discussion was made to collect 2D codebook proposals for rank>=2 from companies. In [4], the rapporteur has briefly summarized all proposals, which are copied below in Table 1. It is noticed that in proposal 1, there is an alternative proposal for config 3, based on another beam subset selection pattern, which we denote by proposal 1-Alt.
Table 1: Summary of Codebook Proposals for High Ranks
	No.
	Proposal
	Codebook availability

	
	
	Rank 2
	Rank 3-4
	Rank 5-8

	1
	Samsung/Ericsson/NTT DOCOMO/CATT
	x
	x
	x

	1-Alt
	Samsung/Ericsson/NTT DOCOMO/CATT alternative beam subset selection pattern for Config 3
	x
	x
	

	2
	Alcatel-Lucent/ASB
	x
	x
	x

	3
	Huawei/HiSilicon
	x
	x
	x

	4
	CMCC
	x
	x
	x

	5
	Intel
	x
	x
	

	6
	LGE
	x
	x
	x

	7
	Qualcomm
	x
	x
	

	8
	ZTE
	x
	x
	



Rank-2 codebook
Considering the size of the W2 codebook, proposals 2, 6, and 7 require at least 36, 34, and 34 codewords, respectively. Other proposals, i.e., proposals 1, 3, 4, 5, and 8 maintain the total number of codewords to be 32. It seems that proposals 2, 6, 7 made an independent design of codebook entries for different configs and then made an aggregation to form the master codebook. As explained in the previous section, the most important motivation of the master codebook design is for the sake of reducing the complexity and the storage consumption for codebook implementation. Therefore, the total number of 32 codewords in the master codebook shall be maintained. We summarize W2 master codebook size of each proposal in Table 2 and highlight the proposals that fulfill the W2 master codebook size constraint. So the following observations can be made.



Table 2: Summary of W2 Master Codebook Size
	Proposal No.
	W2 Master Codebook Size

	
	

	1
	32

	1-Alt
	32

	2
	36

	3
	32

	4
	32

	5
	32

	6
	34

	7
	34

	8
	32



Observation 1: considering the total size of W2 master codebook, proposal 1, 1-Alt, 3, 4, 5 and 8 are preferred.
Then we further check how each proposal defines the codebook subset selection for each configuration. We summarize the beams subset selection in W1, i.e., the function of  in Table 3. 
Table 3: Summary of Beam Subset Selection in W1
	Proposal No.
	Beam Subset Selection Pattern (with notation shown below)



	
	Config 1
	Config 2
	Config 3
	Config 4
	All Configs

	1, 8
	

	

	

	

	


	1-Alt
	

	

	

	

	


	2~4, 6, 7, 5*
	

	

	

	

	




It can be observed that most of the proposals maintain the agreements that the selected beam number is equal to 4. Those proposals are highlighted in Table 3. Note that proposal 5 involves several orthogonal beam groups with offset values of O1 or O2. In Table 3, we just summarized the beam subset selection in the leading beam group, i.e., the first 16 entries of the codebook proposal 5.
Observation 2: considering the beam subset selection and its consistency with the previous agreements made at RAN1 #82bis, proposal 1-Alt, 2, 4, 6 and 7 are preferred.
Based on the above analysis, it seems that proposal 1-Alt, proposal 3 and proposal 4 are preferred, from complexity and storage requirement points of view. Some further observations can be made from the last column of Table 3. Although 8 beams are defined in a master beam group, it seems that most of the proposals do not need so many beams actually. For instances, proposals 2, 3, 4, 6 and 7 require a master beam group with 7 beams and proposal 1-Alt requires a master beam group with only 6 beams. Reviewing the agreed rank-1 codebook, its master beam group contains only 7 active beams. Beam (l1, l2) = (2, 1) has never been used by any config.
Observation 3: Proposal 1-Alt contains 6 active beams in its master beam group; proposals 2, 4, 6 and 7 contain 7 active beams in their master beam group.
To give some insights into the beam subset selection, we further analyze the rank-2 beam combinations and summarize in Table 4. As our previous analysis has already identified our preferred solutions, we just summarize for proposal 1-Alt, 3 and 4. 
Table 4: Summary of Subset Selection of Beam Combinations
	Proposal No.
	Beam Combination Subset Selection Pattern (with notation shown below)



	
	Beam Combinations Considering a single W1
	Beam Combinations Considering all possible candidates of W1

	1-Alt
	

	


	3
	

	


	4
	

	




From the figures summarized in the second column of Table 4, it can be seen that all three proposals allow a total number of 16 beam combinations for rank 2. Considering that the neighboring beam groups may overlap with each other, it is also desired to check which beam combinations are covered by the entire codebook. We summarize in the last column of Table 4. It can be observed that for a give beam group, proposal 1-Alt allows 22 different beam combinations. Proposals 3 and 4 allow 21 different beam combinations. The reason that only a limited number of beam combinations are allowed is that the total size of W2 master codebook is desired to be restricted. And then it leads to overlapped beam subset selection and beam combination selection. In that sense, it seems that proposal 1-Alt provides a better balance between W2 master codebook size and the allowed number of beam combinations. It shall be also noticed that in proposal 2, additional co-phasing coefficients are used to avoid overlapped beam combinations. However, it may introduce additional implementation complexity.
Observation 4: Considering the 2D beam combinations allowed, proposal 1-Alt provides the most number of combinations whereas keeps the size of W2 master codebook to be 32.
Further comparison of the rank-2 codebook, w.r.t. system-level performance is made in our accompanying contribution [5].
Rank-3/4 codebook
All proposals of Rank-3/4 codebook share a single principle from Rel. 10 design, i.e., two DFT beams are chosen from W1, which are from two orthogonal beam groups. Beams separated in either dimension by a multiple of the over-sampling factor in that dimension are orthogonal. Considering that in Rel. 13 2D codebook design, the master codebook concept is adopted, then similarly as the rank-1 and rank-2 codebook design, it is also desired to define master beam groups. Then orthogonal master beam groups can be illustrated in Figure 1. 


Figure 1: Illustration of orthogonal beam group
Major differences of the proposals are in the following aspects. 
First of all, for each configuration, the selections of the orthogonal beam groups are different. In Figure 1, we mark orthogonal beam groups by (0, 0), (O1, 0), (0, O2), (O1, O2), etc. Then for proposal 1 and 5, they allow the combination of ((0, 0), (O1, 0)), ((0, 0), (0, O2)), ((0, 0), (O1, O2)) for all 4 configurations. Proposal 3 supports ((0, 0), (0, O2)) for config 2; ((0, 0), (O1, 0)), ((0, 0), (0, O2)), ((0, 0), (O1, O2)) for config 3 and ((0, 0), (O1, 0)) for config 4. Proposal 4 only supports ((0, 0), (O1, 0)). Proposal 6 supports ((0, 0), (O1, 0)) and ((0, 0), (0, O2)). Proposal 8 supports ((0, 0), (O1, 0)), ((0, 0), (2O1, 0)), ((0, 0), (3O1, 0)), ((0, 0), (0, O2)), ((0, 0), (O1, O2)), ((0, 0), (O1, 2O2)), ((0, 0), (O1, 3O2)) for config 1; ((0, 0), (O1, 0)), ((0, 0), (0, O2)) for config 2 and ((0, 0), (O1, 0)), ((0, 0), (2O1, 0)), for config 4. In the above-mentioned proposals, beams in the leading beam group, i.e., beam group (0, 0) will always be combined in a same way with their counterparts in another orthogonal beam group. In proposal 7, different beams in the leading beam group are allowed to be combined with their counterpart in different orthogonal beam groups. For example there is a beam combination of ((1, 0), (1+O1, O2)) whereas ((0, 0), (O1, O2)) does not exist. Such a proposal may complicate the implementation. 
Since multiple proposals show the interest of allowing different combinations of the orthogonal beam groups, it is desired that the same combination principle can be applied across all different combinations. In that sense, proposal 1 and proposal 5 can be considered. Down-selection of the orthogonal beam group combinations can be considered if performance evaluation shows that it is unnecessary to have too many different combinations. Note that for PUCCH based PMI feedback, single combination can be considered in order to control the overall feedback payload.
Observation 5: It could be beneficial to consider different orthogonal beam group options for rank 3 and rank 4 codebooks. At least, the following beam group offset options can be considered, i.e., (O1, 0), (0, O2), (O1, O2). Additional feedback bits are needed for such beam group offset option selection.
Secondly, values of beam spacing within the beam group and spacing between beam groups are different in different proposals. For config 1, since there is only one beam per group, in order to cover all beams, it is desired that (s1, s2) = (1, 1). In config 2 and config 3, a beam group contains 2D beams spanning in both dimensions. The selection of (s1, s2) and (p1, p2) shall ensure that the entire beam space is sufficiently over-sampled and very well covered by the entire codebook. Therefore, the following principle can be introduced, i.e., the 2D beams in a beam group uniformly span a beam grid of size (s1, s2). Considering the subset selection pattern of Config 2, 3 and 4, the following dependency between (s1, s2) and (p1, p2) can be set. For config 2, (p1, p2) = (s1/2, s2/2); for config 3, (p1, p2) = (s1/4, s2/2); for config 4, p1 = s1/4. Detailed parameter values for (s1, s2) can be selected by considering a best balance between performance and complexity.
[bookmark: _GoBack]Rank-5~8 codebook
For rank-5~8 codebook, it is preferred to consider W1 only feedback. The RRC parameter of “Config” can be used to define different beam group patterns, which a suitable for different antenna configurations and/or deployment scenarios.


Summary
In this contribution, we discussed the codebook design issues. Based on our investigation, the following observations and proposals can be made.
Observation 1: considering the total size of W2 master codebook, proposal 1, 1-Alt, 3, 4, 5 and 8 are preferred.
Observation 2: considering the beam subset selection and its consistency with the previous agreements made at RAN1 #82bis, proposal 1-Alt, 2, 4, 6 and 7 are preferred.
Observation 3: Proposal 1-Alt contains 6 active beams in its master beam group; proposals 2, 4, 6 and 7 contain 7 active beams in their master beam group.
Observation 4: Considering the 2D beam combinations allowed, proposal 1-Alt provides the most number of combinations whereas keeps the size of W2 master codebook to be 32.
Observation 5: It could be beneficial to consider different orthogonal beam group options for rank 3 and rank 4 codebooks. At least, the following beam group offset options can be considered, i.e., (O1, 0), (0, O2), (O1, O2). Additional feedback bits are needed for such beam group offset option selection.
Proposal 1: For rank-1 and rank-2, the subset selection from a master codebook shall follow the previous agreement that, for config 1, one beam is selected; for config 2, 3 or 4, 4 beams are selected.
Proposal 2: The maximum number of codewords in a W2 master codebook shall be limited to 32, for all ranks.
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