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1. Introduction
In 3GPP RAN#81 meeting [1], the study item on codebook design for the 2D antenna array has been discussed with various schemes. The Kronecker Product (KP) type codebook has been discussed as a fundamental structure for the 2D codebook. The precoding matrix W is extended from Rel.10/12 to support 2-D array where W1 can be described as follows: 
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A precoding codebook associated with W2 can follow one the following several alternative designs, including column selection from W1, co-phasing between two polarization groups, linear transformation to W1 per polarization and so on.
In this contribution, the 2D antenna array configurations and codebook structures are discussed.
2. Discussions on codebook design  
2.1. TXRU Configurations
In 36.897 TR, aTXRU model configuration corresponding to an antenna array model configuration (M, N, P) is represented by (MTXRU, N, P) where
M is the number of antenna elements with the same polarization in each column
N is the number of columns and 
P is the number of polarization dimensions
MTXRU is the number of TXRUs per column per polarization dimension
The total number of TXRUs which is equal to MTXRU ⨉ N ⨉ P ranges from 8 to 64 in [1] and  configurations with N={1,2,4} are with 1st priority. 
In Fig. 1, the mapping of antenna elements to TXRUs is illustrated. 
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Fig. 1 Illustration of antenna elements and TXRU mapping
To concentrate on codebook design, the antenna configurations should be limited, where (M, N, P, MTXRU⨉N⨉P) = (8, 4, 2, 16) configuration can be a focus due to its inherent relation with the Rel-10 8Tx antenna configuration.
Proposal 1: Due to limited discussion time in WI, we propose to focus on the codebook design for the 16port antenna array with (M, N, P, MTXRU⨉N⨉P) = ( 8, 4, 2, 16 ), under which the codebook should be optimized. Further design under the (8, 2, 2, 16) configuration can be considered but the lack of optimization can be accepted. For other configurations such as (4, 4, 2, 16) and (8, 1, 2, 16), performance can be evaluated. 
2.2. Codebook Structure – Basics
In RAN1#80bis meeting, the enhancements of codebook structures related to non-precoded CSI-RS-based schemes for EBF/FD-MIMO were discussed and have been captured in TR 36.897 V1.0.1 [1]. Five schemes of 2D codebook design have been captured for enhancements related to non-precoded CSI-RS-based schemes. 
The structure of the precoding matrix  can be expressed as W = W1W2, where W1  is a block diagonal matrix comprised of two submatrices and each submatrix corresponds to one polarization group. For the Rel-10 8Tx antenna codebook,  the submatrix W1  of  is taken from a DFT matrix. 
For the 2D codebook, the Kronecker Product type has been considered for characterizing both horizontal and vertical beam directions. As given in TR.397, one basic structure for W1  can be expressed as
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This structure has some advantages, it models both horizontal and vertical dimension inherently while maintaining relative independency between the two dimensions. Using this structure, the codebooks can be separately designed and then combined as one 2D codebook so that some legacy codebooks in previous releases can be reused.
For horizontal codebook, the Rel-10 8Tx codebook can be reused for (8, 4, 2, 16), while the Rel-12 4Tx codebook for (8, 2, 2, 16).
For vertical codebook, DFT codebook is used. Different granularity can be considered which is determined by the number TXRUs MTXRU and the oversampling factor Q. 
For 16 port antennas, the oversampling factor considered are Q =  4, 8. The numbers of vertical DFT beams that can be considered in the codebook design are listed in Table 1. In general, the granularity with MTXRU = 4 should be finer than that with MTXRU = 2. It can be further evaluated whether the same granularity for different numbers of TXRUs in vertical domain can be applied. 
Table 1 Granularity in vertical domain
	MTXRU
	Q
	Number of Vertical  DFT Beams

	2
	4,8
	8,16

	4
	4,8
	16,32


Proposal 2: KP-based codebook is adpoted and same beams are chosen for different polarization groups. For (8,4,2,16) configurations, Rel-10 8Tx codebook seems well suited for horizontal PMI reporting, and DFT based vertical codebook can be used for vertical PMI reporting. If (8,2,2,16) is to be supported, Rel-12 4Tx codebook may be used for horizontal PMI reporting, and DFT based vertical codebook can be used for vertical PMI reporting.
Proposal 3: For (8,4,2,16) configuration, the number of vertical W1 beams can be chosen from 8 or 16; For (8,2,2,16)  configuration, the number of vertical W1 beams can be chosen from 16 or 32.
2.3. Codebook Structure – Details
It is recognized that the scattering environment in vertical domain is less abundant than in horizontal domain, which means that the number of layers that can be supported in the vertical domain is smaller than that in the horizontal domain. It is necessary to discuss the support for multi-layer transmission in vertical domain
The number of TXRUs in each column also has an effect on the number of layers that can be supported. It is more likely to transmit multiple layers in vertical domain when MTXRU is relatively large. 
Proposal 4: The necessity of multi-layer transmission in vertical domain needs to be studied. At least for the (8,4,2,16) configuration, single rank vertical PMI is expected to be sufficient, while multi-rank vertical PMI can be studied for other antenna configurations such as (8,2,2,16).
In the following, we provide two categories of codebooks for the 16 port antenna arrays, one with only one layer transmission in vertical domain (for both (8,4,2,16) and (8,2,2,16) configurations), and another one with up to two layers in vertical domain ( for the ( 8, 2, 2, 16 ) configuration only ). 
Category 1: Only rank one transmission is supported in vertical domain.
In this category, the legacy Rel-10 8Tx codebook is used in horizontal domain while the DFT codebook is used with the granularity defined in Table 1 in vertical domain. Specifically, 
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According to diffrent beam selecting criterions and granularities in vertical domain, the following alternatives are provided. 
Alt 1: For vertical domain, use 16 DFT beams, 3bits W1 feedback and 2bits W2 feedback are used to select the vertical beam.
Alt 2: For vertical domain, use 8 DFT beams, 2bits W1 feedback and 2bit W2 feedback are used to select the vertical beam. 
Alt 3: For vertical domain, use 8 DFT beams, 3bits W1 feedback and 0bit W2 feedback are used to select the vertical beam. In this alternative, there is no sub-band feedback.
The numbers of bits required are listed in Table 2. 
Table 2 Vertical feedback overhead with only rank 1 in vertical domain
	
	Number of Vertical  DFT Beams
	Wideband WV,1
	Sub-band
WV,2

	ALT 1
	16
	3
	2

	ALT 2
	8
	2
	2

	ALT 3
	8
	3
	0


Then W1 can be obtained, with Alt 1 for example, as 
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For the W2 design, the legacy design in Rel-10 8Tx codebook in the horizontal domain can be reused where WH,2 chooses horizontal beam index and co-phasing. For the verticla domain, WV,2 only chooses vertical beam index. 
Rank 1: W2 can be obtained as 
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, where 
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is the vertical beam selecting vector with the i+1th element being  ``1’’ and all the other elements being ``0’’, 
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 is the horizontal beam selecting vector whose index follows the same choosing criterion as in the Rel-10 codebook, and 
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Rank 2-8: The 
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, the horizontal part in W2 and the co-phasing are designed using the Rel-10 8Tx codebook. For vertical domain, WV,2 chooses vertical beam index as in rank 1.
The performance of the  three alternative codebooks are shown in Table 3.
Table 3 Performance evaluation for (8, 4, 2, 16) with category 1 codebook
	Scenario
	
	ALT 1
	ALT 2
	ALT 3
	Gain of  alt 2 over alt 1
	Gain of  alt 3 over alt 2

	UMa
	ASE
	2.76 
	2.755
	2.741
	-0.18%
	-0.5%

	
	ESE
	0.115
	0.112
	0.112
	-2.6%
	0.0%

	UMi
	ASE
	3.05
	3.04
	3.03
	-0.33%
	-0.3%

	
	ESE
	0.131
	0.128
	0.119
	-2.29%
	-7.0%


Observation : There is marginal loss of Alt 3 in UMi cell-edge performance; In all other cases,alt3 performance is close to Alt 1 and 2. 
Proposal 5: Considering the trade-off between performance and spec complexity, alt 3 is slightly perferred at least for (8,4,2,16) configurations, namely 3 bits for vertical W1, and there is no W2 for vertical informatin.
Category 2: Rank two transmission is also supported in vertical domain with  ( 8, 2, 2, 16 ).
In this (8,2,2,16) configuration, the category 2 codebook can be considered, because there are 4 TXRUs in one column, thus making multi-layer transmission in vertical domain more likely to be supported.
In this category, the legacy Rel-12 4Tx codebook is used in horizontal domain while the DFT codebook is of the same form as 
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 in Category 1 with different granularities in vertical domain.
The numbers of feedback bits required are listed in Table 4. 
Table 4 Vertical feedback overhead with  ( 8, 2, 2, 16 )
	
	Number of Vertical  DFT Beams
	Wideband WV,1
	Sub-band
WV,2

	ALT 1
	32
	4
	2

	ALT 2
	16
	3
	2

	ALT 3
	16
	4
	0


Rank 1-2: Follow the same design as in Category 1. Note that although rank 2 transmission can be supported in vertical domain, co-phasing is sufficient for transmitting two layers. Therefore, the legacy codebook for rank two transmission in the Rel-12 4Tx can be used.
For ranks from 3 to 8, since the maximum rank supported in vertical domain is two, transmission of multiple layers can be done in both horizontal and vertical domain.
Rank 3: For rank 3 transmission, we can use two orthogonal  vertical beams to transmit two layers, then for one vertical beam, co-phasing can be employed to transmit another two layers. 
For example with Alt 1 and Alt 2 (sub-band feedback is enabled), W1 and W2 can be obtained as
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where 
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 are beam selecting vectors with the i+1th element being  ``1’’ and all the other elements being ``0’’, and 
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 are the beam indexes indicated by 
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 according to certain criterions which are to be further optimized. For the current phase, 
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 and 
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 can be chosen exactly the same as the Rel-12 codebook for rank 2 while 
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can be arbitrarily chosen.
Rank 4: Rank 4 transmission is similar to rank 3 transmission, we can use two orthogonal vertical beams to transmit two layers, then within each vertical beam, co-phasing can be employed to transmit another two layers. 
With Alt 1 and Alt 2, W2 can be obtained as
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are the beam indexes indicated by 
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that can be determined using the legacy design of Rel-12 4Tx codebook or even simpler, using the same index.
For ranks from 5 to 8, the same design principle is applied, where two vertical beams are selected and within each vertical beam, the Rel-12 codebooks of corresponding ranks are used.
Rank 5: The horizontal codebook corresponding to one vertical beam uses the Rel-12 rank 3 codebook, while that corresponding to the orthogonal vertical beam uses the Rel-12 rank 2 codebook.
Rank 6: The horizontal codebook corresponding to one vertical beam uses the Rel-12 rank 3 codebook, while that corresponding to the orthogonal vertical beam uses the Rel-12 rank 3 codebook.
Rank 7: The horizontal codebook corresponding to one vertical beam uses the Rel-12 rank 4 codebook, while that corresponding to the orthogonal vertical beam uses the Rel-12 rank 3 codebook.
Rank 8: The horizontal codebook corresponding to one vertical beam uses the Rel-12 rank 4 codebook, while that corresponding to the orthogonal vertical beam uses the Rel-12 rank 4 codebook.
2.4. Impact of Vertical Antenna Port Spacing
In TR 36.897, the vertical antenna element spacing and the number of antenna elements with the same polarization in each column (dV , M) has been  determined to be  (0.5λ, 4), (0.8λ, 8) [1]. Under such parameters, the spacing between vertical antenna ports is no longer 0.5λ as the horizontal antenna spacing. As shown in Fig. 1, for the (0.5λ, 4) (0.8λ, 8) antenna element configurations, when these elements are grouped and virtualized as one TXRU, the spacing between vertical TXRUs become λ and 3.2λ, respectively. This change can lead to some distinct characteristics in antenna radiation pattern which can impact the structure of the codebook. Therefore, codebooks corresponding to these configurations might be modified.
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a. (dV , M)  = (0.5λ, 4) 



b. (dV , M) = (0.8λ, 8)
Fig. 2 TXRU spacing in vertical domain
__________________________________________________
3. Conclusion
This contribution discusses the codebook design for 2D antenna arrays and following proposals are made.
Proposal 1: Due to limited discussion time in WI, we propose to focus on the codebook design for the 16port antenna array with (M, N, P, MTXRU⨉N⨉P) = ( 8, 4, 2, 16 ), under which the codebook should be optimized. Further design under the (8, 2, 2, 16) configuration can be considered but the lack of optimization can be accepted. For other configurations such as (4, 4, 2, 16) and (8, 1, 2, 16), performance can be evaluated. 
Proposal 2: KP-based codebook is adpoted and same beams are chosen for different polarization groups. For (8,4,2,16) configuration, Rel-10 8Tx codebook seems well suited for horizontal PMI reporting, and DFT based vertical codebook can be used for vertical PMI reporting. If (8,2,2,16) is to be supported, Rel-12 4Tx codebook may be used for horizontal PMI reporting, and DFT based vertical codebook can be used for vertical PMI reporting.

Proposal 3: For (8,4,2,16) configurations, the number of vertical W1 beams can be chosen from 8 or 16; For (8,2,2,16)  configurations, the number of vertical W1 beams can be chosen from 16 or 32.
Proposal 4: The necessity of multi-layer transmission in vertical domain needs to be studied. At least for (8,4,2,16) configurations, single rank vertical PMI is expected to be sufficient, while multi-rank vertical PMI can be studied for other antenna configurations such as (8,2,2,16).
Proposal 5: Considering the trade-off between performance and spec complexity, alt 3 is slightly perferred at least for (8,4,2,16) configurations, namely 3 bits for vertical W1, and there is no W2 for vertical information. __________________________________________________
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