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Introduction
In RAN1#82 [1], CSI reporting enhancements for elevation beamforming and full-dimensional (FD) MIMO has been discussed.  One major piece of the CSI reporting enhancement is the codebook design for 2D cross-polarized antenna arrays.  Although the 2D codebook design proposals in [1] are quite diverse, there are two essential aspects:
· General structure of a precoding matrix in the codebook,
· Parameters, either configurable or non-configurable, for defining the codebook for CSI reporting, 
· Detailed construction of precoding matrices
Regarding the first aspect, it has been agreed that [2]
· For each of [8], 12 and 16 Tx ports, a precoding matrix  in the codebook is represented as: , where
·  ,  FFS
·  is a  matrix with  column vectors being an  oversampled DFT vector of length : , 
·  and  are the numbers of antenna ports per pol in 1st and 2nd dim.
For the second aspect, it is agreed to [2]
· Down-select or merge the 4 alternatives into one in the next meeting 
· Including necessary RRC parameters
Details of each of the 4 alternatives can be found in [2].  
Following RAN1#82, the email discussion on precoder and PMI construction, i.e., the third aspect, concluded with 3 alternatives of detailed  design and 3 alternatives of detailed  designs for rank-1 and rank-2 [3].  For  designs, it is agreed to either down-select among the three alternatives or merge into one.  For rank-1 and rank-2  designs, the agreement is to select one among the three alternatives.
In this contribution, we discuss our views on open issues in the second and third aspects of the codebook design.
Open issues in the 2D codebook design 
Parameters for defining the codebook
In RAN1#82, it is agreed to [2] down-select or merge the following 4 alternatives
· Alt-1
· Tall, [square] and wide arrays are supported with a single codebook for each of [8], 12 and 16 CSI-RS ports
· For PUSCH and PUCCH reporting, a codebook subset can be separately selected via RRC signaling of codebook subset selection parameters or a bitmap
· FFS which and how the parameters below are related/configured
· Oversampling factor 
· Beam group spacing
· Number of beams in each beam group
· Beam spacing
· Alt-2
· Tall, [square] and wide port layouts are supported with parameters ,  
· Values of  and  are RRC signaled
· The parameters below define the codebook
· Configurable oversampling factors, RRC signaled, values FFS
· FFS beam subset selection/restriction and related mechanism
· Alt-3
· For each number of 12 and 16 CSI-RS ports, at most two fixed codebooks are specified in spec.
· Alt-4
· For each number of 16 and 12  CSI-RS ports, a single fixed codebook is specified in spec 
· Only the total number of CSI-RS ports needs to be signaled
As discussed in [4], there exists more than one antenna port layout when the number of ports is larger than 8.  For example, there are two possible port layout for 16 CSI-RS ports, as shown in Figure 1.
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	(a) 16-port layout 1
	(b) 16-port layout 2


Figure 1: Two possible 16-port layouts.
One may either use a single codebook for CSI reporting for both layouts (Alt-1 or Alt-4), or introduce a dedicated codebook for each layout (Alt-2).  In Alt-1, the UE will be configured with a big master codebook but only a subset of the master codebook is used for CSI reporting based on additional signaling.  The master codebook design and codebook subset selection may have some impacts on UE complexity and CSI feedback signalling. The master codebook may require a big UE memory. Since the selected codebook subset is semi-statically updated online, it is difficult to optimize the CSI measurement procedure offline due to the codebook versatility.  Another problem caused by versatile codebook subset is related to CSI reporting on PUCCH.  Due to the payload size limitation, codebook subsampling may be needed in some PUCCH modes or submodes.  It is challenge to find a common subsampling pattern for all feasible codebook subset.  
Observation 1: Alt-1 may have some impacts on UE complexity and CSI feedback signalling design.
According to [1], the 2D codebook in Rel-13 should support {12, 16} CSI-RS ports.  It worth noting that there are only two possible 2D port layouts for {12, 16} CSI-RS ports and a layout for the same number of CSI-RS ports is the transpose of the other layout.  Hence, it’d be feasible to using a single codebook for {12, 16} CSI-RS ports by using codebook transpose as supported by Alt-4.  The network will only signal total number of antenna ports. The layout of the port array, e.g., the number of ports per dimension can be transparent to UEs by introducing proper associating between the CSI-RS port and the antenna in the array.  However, if we consider possible future extensions to more than 16 CSI-RS ports, the single codebook design may not be sufficient.  For example, 2D antenna array with 32 ports may have 3 different layouts: (2, 8, 2), (8, 2, 2), and, (4, 4, 2).  Using the same codebook for (2, 8, 2) and (4, 4, 2) may lead to significant performance degradation.  Alt-2 shows its advantages in such cases.  In Alt-2, the codebook depends on the number of ports in both dimensions.  Inherently, it can support arbitrary number of antenna ports with various layouts.
Observation 2: Atl-4 may be sufficient for Rel-13 12- and 16-port codebook design. Alt-2 can support arbitrary port layouts and is beneficial for future extension.
In addition to configuring the number of antenna ports, e.g.,  and  or , some other parameters are needed to define the codebook, including oversampling factors, beam group spacing, number of beams in each beam group, and beam spacing.  These parameters can be either configured via RRC signaling, or fixed depending on the values of  and/or .  Note that the number of bits required for PMI reporting is a function of these parameters.  For example, the oversampling factors and beam group spacing jointly determine the number of hypotheses of , and the number of beams in each beam group determines the number hypotheses of .  The configurable codebook parameters make it difficult to design codebook subsampling for CSI reporting on PUCCH.  This is because, while providing flexibility, configurable parameters lead to variable PMI size and dynamic effective codebooks.
Observation 3: Configurable parameters allows versatile effective codebooks but makes difficult to use a common subsampling pattern for CSI reporting on PUCCH.
To overcome this problem, it is desirable to only configure the values of  and  for Alt-2 or the value of  for Alt-4 and use a set of fixed codebook parameters associated with the configured parameters.  The association could be dimensional or across two dimensions.  For example, 
· With dimensional association,  and , for ;
· With cross-dimensional association,  and , for .
Observation 4: Fixed codebook parameters depending on N1 and/or N2 is beneficial for CSI reporting on PUCCH.
Detailed values of codebook parameters are discussed in Section 2.3.
Details of precoder and PMI construction
Details of W1
The email discussion following RAN1#82 on precoder and PMI construction is concluded with 3 alternatives of detailed  design [3]:
· Alt 1: 
· Alt 2: 
· Alt 3: 
For all the three alternatives:
·  (or , k=1,2 ) is the index for .
· (or , k=1,2 ) is the index for .
It is agreed to either down-select among the three alternatives or merge into one.  The difference among these alternatives is mainly about how to construct the beam group by the dimensional beam groups  and .  
In Alt-1, the resulting 2D beam group is a Kronecker product (KP) of two one-dimensional beam groups.  The cross-polarized sub-arrays share a common beam group.  In Alt-3, the beam groups for cross-polarized sub-arrays can be different.  It is well know that, the beam group in  is dedicated for capturing the spatial signature of the channel.  Usually, the spatial covariance matrices observed from cross-polarized sub-arrays are very similar.  
Observation 5: Alt-3 of the  design seems to be overdesigned.  
In Alt-2, instead of allow beam selection among all beams in the group , only a subset of selected columns of  can be considered for beam selection in .  The merit of Alt-2 is that the codebook size of  can be reduced by subsampling a large beam group.  For, example, when  and , Alt-1 and Alt-3 defines a groups of 16 beams for each polarization.  For rank-1, 4 bits are needed to indicate the beam selection and at least 2 more bits are required for QPSK co-phasing.  This results in a 6-bit  codebook which may increase not only the feedback overhead but also the UE complexity for CSI measurements.
Note that selection of columns in Alt-2 could be either configured by eNB via higher-layer signaling, or indicated by UE in CSI based on a few predefine pattern.  As the UE has the full knowledge of the channel and the interference, it is slightly preferred to give UE the flexibility to do the column selection.  Also note that the column selection may be indicated in a long-term manner.  For PUCCH reporting, the column selection could be fixed and explicit feedback is not needed.
Observation 6: Alt-2 of the   design has a merit to reduce CSI feedback overhead and also UE complexity.
Details of W2 for rank 1 and rank 2
Details of  for rank 1 and rank 2 are also discussed and summarized in [3].  The agreement is to select among following three alternatives:
· Alt 1: Rank 1 ; Rank 2 
·  is column selection indicator vector for    or   for the -th layer, 
· Alt 2: Rank 1 ; Rank 2 
·  is column selection indicator vector for    or   for the -th layer,  and 
·  Alt 3: Rank 1 ; Rank 2 
·  is column selection indicator vector for    or   for the -th layer,  and 
·  and  are a unit magnitude value determined as a function of ,  and 
·  is a unit magnitude value.
· Note:  and  may be the same or different for each  
· For all the 3 alternatives above, ,  for rank 1; and  for rank 2
In Alt-1 and Alt-2, the co-phasing between cross-polarized arrays are selected from the QPSK alphabet.  In Alt-3, extra phase rotation terms ,  and , depending on the beam selection, are introduced.  Effectively, it allows the co-phasing to be selected from the M-PSK alphabet, where M > 4.  However, the performance benefit is unclear.  Both Alt-2 and Alt-3 allow polarization specific beam selection which is excluded from Alt-1.  It has been shown that polarization specific beam selection can provide some performance benefit.  But one may also need to pay attention to the number of hypotheses of .  It worth noting that Alt-1 may simply reuse the 8TX  if the number of beams in  is the same as that in 8TX .
Observation 7: With Alt-1, 8TX  may be reused if the number of beams in  is 4.
Values of codebook parameters
As discussed in Sections 2.1 and 2.2, using fixed codebook parameters is preferred.  In this section, we discuss detailed values of the codebook parameters.  Given  and , the definition of 

where , relies on following parameters
·  is the oversampling factor for the th dimension;
·  is the spacing between two adjacent beam groups;
·  is the number of beams in ; 
·  is the intra group beam spacing.
First, we consider the 16-port case .  Without loss of generality, we let  and .  We consider several options as listed in Table 1.  Note that  denotes the number of bits required for indicating  and  is the number of bits for . 
Table 1: Summary of codebook parameter options for (2, 4, 2).
	Opt
	 
	 
	 
	 
	 
	 
	 
	 
	
	
	
	Description

	A
	4
	1
	1
	1
	8
	2
	4
	1
	3
	4
	4
	 beam group; reuse R10 8TX 

	B
	8
	1
	1
	1
	8
	2
	4
	1
	4
	4
	4
	 beam group; reuse R10 8TX 

	C
	8
	1
	4
	1
	8
	2
	4
	1
	4
	4
	6
	 beam group; new 6-bits 

	D
	4
	1
	2
	1
	8
	2
	2
	1
	3
	4
	4
	 beam group; reuse R10 8TX 

	E
	4
	2
	2
	1
	8
	2
	4
	1
	3
	4
	4
	Rank-1:  beam group w/ col. selection; reuse R10 8TX 
Rank-2:  beam group; new 


To evaluate the performance benefit of above options, system level simulation is performed.  We compare the MU-MIMO performance of each options.  Up to 4 UEs can be co-scheduled while each UE may be scheduled with 1 layer in MU operation and up to 2 layer in SU-MIMO.  FTP traffic model 1 is used with different package arrival rates which result in about 20%, 50%, 70% resource utilization in the Phase 1 evaluation.  The simulation result is summarized in Table 2.
Table 2: Performance benefits of various codebook parameter options for (2, 4, 2) in 3D-UMa w/ ISD of 200m and downtilt of 104°.
	Opt
	
	
	

	
	RU
	5%
	50%
	Mean
	RU
	5%
	50%
	Mean
	RU
	5%
	50%
	Mean

	A
	13%
	
	
	
	31%
	
	
	
	41%
	
	
	

	B
	14%
	5.6%
	2.9%
	2.9%
	30%
	5.9%
	0.0%
	2.2%
	40%
	2.4%
	5.6%
	5.8%

	C
	14%
	5.8%
	0.0%
	1.5%
	31%
	6.9%
	1.9%
	1.1%
	41%
	11.4%
	4.7%
	4.5%

	D
	13%
	0.4%
	-1.4%
	-0.5%
	30%
	5.3%
	1.4%
	1.7%
	42%
	4.7%
	-1.5%
	-2.1%

	E
	13%
	4.3%
	4.5%
	3.3%
	31%
	8.1%
	-2.7%
	-0.1%
	42%
	8.5%
	-2.6%
	0.3%


Comparison between Opt-A with Opt-B shows that if the beams in a group share the same vertical tilting in one dimension, increasing oversampling factor from 4 to 8 in vertical provides marginal gain.  
Observation 8: 4-times oversampling is sufficient for vertical dimension in case of (2, 4, 2).
Comparison between Opt-B and Opt-C suggests that accommodating more beams in  and consequently increasing the number of  does contribute some cell-edge gain when the system is moderately loaded.  
But it doesn’t mean that increasing the number of  is the only way to improve cell-edge performance.  In Opt-E, although the nominal number of beams in a  is 8, we can still using a 4-bit feedback for  reporting by introducing column selection for rank-1 and constructing new  for rank-2.  For rank-1, the column selection pattern is as shown in Figure 2.  For rank-2, we use following  hypotheses: .  
[image: ]
Figure 2: Column selection pattern for rank-1 in Opt-E.
Observation 9: Up to 4-bit feedback for  can be maintained with proper design of .
Another interesting observation is that using a  beam group (Opt-D) without column selection is less efficient than using a   beam group (Opt-E) under the same feedback overhead.
But if a UE is experiencing a channel with very small ZSD, a 1 beam group may be more suitable than a 2 beam group.  In fact, a 1 beam group can be constructed by select columns from a 2 beam group.  We can either allow the UE to select one out of the two beam group shapes and indicate its selection in the CSI reporting, or stitching both Opt-A and Opt-E together.  With the second approach, the number of  hypothesis will be doubled.  In order to keep the same overhead as either Opt-A or Opt-E, we can define a subset of  hypotheses by remove overlapped groups in one dimension and add extra shifting between two adjacent groups in the other dimension, as shown in Figure 3.
	[image: ]
	[image: ]

	(a) Subsampled Opt-A
	(b) Subsampled Opt-E


Figure 3: Subsampled Opt-A and Opt-E.
 In Figure 4, we show the performance comparison of all considered options.  Clearly Opt-F provides the best performance-overhead tradeoff.
Proposal: Adopt Opt-F at least for 16 CSI-RS ports with (2, 4, 2) layout.
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[bookmark: _Ref378529477]Conclusions
In summary, we discuss open issues in the 2D codebook design.  Our observations are
For the codebook configurability:
Observation 1: Alt-1 may have some impacts on UE complexity and CSI feedback signalling design.
Observation 2: Atl-4 may be sufficient for Rel-13 12- and 16-port codebook design. Alt-2 can support arbitrary port layouts and is beneficial for future extension.
Observation 3: Configurable parameters allows versatile effective codebooks but makes difficult to use a common subsampling pattern for CSI reporting on PUCCH.
Observation 4: Fixed codebook parameters depending on N1 and/or N2 is beneficial for CSI reporting on PUCCH.
For precoder and PMI construction:
Observation 5: Alt-3 of the  design seems to be overdesigned.  
Observation 6: Alt-2 of the   design has a merit to reduce CSI feedback overhead and also UE complexity.
For detailed parameters to define the codebook:
Observation 7: With Alt-1, 8TX  may be reused if the number of beams in  is 4.
Observation 8: 4-times oversampling is sufficient for vertical dimension in case of (2, 4, 2).
Observation 9: Up to 4-bit feedback for  can be maintained with proper design of .
Based on these observations, we propose
Proposal: Adopt Opt-F at least for 16 CSI-RS ports with (2, 4, 2) layout.
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