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1 Introduction
At the previous RAN1 meeting, discussions on CSI feedback supporting 2D antenna arrays (2DAA) were extensive. One branch of enhancements is CSI feedback for non-precoded CSI-RS based schemes. A suitable baseline for this case for UEs that support multiple CSI processes (optional for Rel.11 UE) is the separate feedback of vertical and horizontal CSI-RS and PMI combination in the eNB by a Kronecker product and associated CQI combination. This baseline, known as Category 3, has some drawbacks that lead to significant throughput losses, especially for cell edge users. This is due to that the MIMO channel does not have a perfect Kronecker structure, that is, it cannot be completely decoupled into separate vertical and horizontal partial channels. UE precoder selection based on horizontal and vertical partial channel estimates may thus be suboptimal compared to if full CSI from the entire 2DAA were available. Conversely, calculating CQI based on partial channel estimates instead of full CSI will induce a CQI mismatch, causing link adaptation errors. The CQI mismatch is further amplified by the additional errors resulting from the reconstruction of a 2D CQI from two quantized 1D CQI reports by the eNB. 
Another issue with Cat.3 baseline is that UE rank selection will be too conservative, since the RI has to be selected using only 1D CSI from a partial channel estimate, and thus, only a 1D beamforming gain and not the resulting 2D beamforming gain achieved in PDSCH transmission will factor into the rank selection decision.  
Therefore, it is useful if the UE is aware of the 2DAA structure of the antenna array and utilizes this in the PMI, rank and CQI calculation. This removes the CQI mismatch and rank selection problems. Moreover, a single CSI process is sufficient in this enhancement. Performance comparison between Cat.3 baseline and the 2D codebook enhancements are given in [1]. In this contribution, some more details of a codebook design to fulfill the requirements on scalability and support for 2DAA is discussed.    
2 A scalable PMI codebook for 2DAA

Codebook design for MIMO precoder has been done in Rel.8, Rel.10 (for both UL and DL) and Rel.12 and is thus a relatively mature topic for RAN1. The 8 port and recently the 4 port downlink codebooks is targeting closely spaced antenna arrays with dual polarized antenna elements, and follows the well-known factorized precoder structure:
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 is a 
block diagonal wideband precoder targeting long term (or statistical) channel properties such as beam directions while 
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 follows short term channel characteristics such as changes in polarization across time or frequency. 
This structure is easily extended to 2DAA by stacking antenna ports columns on top of each other into a one dimensional vector. Hence, let the antenna port at horizontal index n, vertical index m and polarization index p have the equivalent antenna port index 
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 where 
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is the number of horizontal antenna ports and 
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 is the number of vertical antenna ports, per polarization.
 Then, 
maintain the block diagonal structure from Rel.12 and Rel.10 designs while introducing a Kronecker product (KP) structure to:
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where 
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is a DFT-based precoder targeting the horizontal dimension and is a DFT-based precoder targeting the vertical dimension. This has the effect of applying the vertical precoder 

on each column of the antenna array and the horizontal precoder 

 on each row of the 2D antenna array. The precoder 
[image: image17.wmf]X

 is a DFT-based precoder, implementing a Grid-of-Beams codebook, supplying the UE with beams pointing at different directions to choose from. 
The DFT-based codebook has a scalable structure in the number of antenna ports and the l:th DFT vector has entries 
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where 
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 is an integer spatial oversampling factor and 
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 is the number of antenna ports per dimension.  Hence, 
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defines the number of beams available in the codebook for that dimension and polarization. The resulting matrix 
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then applies to a 2DAA and note that any value 
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 per dimension can be configurable to the UE when defining the CSI process. 
This structure allows for good performance enhancements while having a simple and compact codebook description. Only the parameters 
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 need to be configured from the network to the UE to uniquely determine the full 2D codebook. Hence, scalability is obtained. 
Proposal: Introduce a scalable (by parameters 
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) 2DAA CSI feedback codebook using the well-known Rel.10/12 design principles of a factorized codebook structure by introducing a Kronecker product between horizontal and vertical grid-of-beam vectors.
2.1 Codebook for 
[image: image26.wmf]2

W

 
The structure of a scalable 2D codebook for 
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 should preferably follow the same design principles as the Rel.10 codebook, but extended to two spatial dimensions. To support higher rank it is necessary that 
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 has multiple beams. The different layers of the transmissions of increasing rank should, in first hand, be transmitted on the same beam direction but with orthogonal polarization and, in second hand, be transmitted on orthogonal beam directions. As is well known, a DFT-based codebook with spatial oversampling factor Q has Q groups of orthogonal beams. That is, each pair of beams within the same group are orthogonal, which can be expressed as  
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To enable beam switching over frequency in 
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 , as well as beam selection for the respective layers of the higher rank transmission,  the wideband precoder 
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should be extended so each block diagonal entry is a matrix containing multiple columns, where each column consist of a two-dimensional DFT-beam.  Let 
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 DFT-beams targeting the vertical dimension such that
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so that 
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is a matrix with 
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 columns, where each column consist of a two-dimensional DFT-beam. The wideband precoder 
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 may then be constructed as
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It may not be necessary to include each possible 
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 in the codebook due to overlapping beams, rather, every 
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 precoder per dimension may be included in the codebook. 
The frequency-selective precoder 
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can then be constructed to enable beam switching over frequency as well as beam selection for each transmitted layer.  Following the Rel.10 codebook design principle, the precoder for rank 4 should transmit the layers on two orthogonal beam directions 
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 and 
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, and on each beam direction on orthogonal polarization. Such a precoder could have the form
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for some constant 
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.  Following the Rel.10 design, two precoders for each set of orthogonal beam directions, where 
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, should be sufficient. To construct such as precoder, 
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 consist of selection vectors, selecting a subset of the  
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. This can be achieved by introducing 
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  unit vector with a 1 in position m and zeros in every other position, and similarly let 
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  unit vector. A selection vector may then be constructed as
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Assuming that the number of beams grouped in
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 may be constructed

[image: image67.wmf]ú

ú

û

ù

ê

ê

ë

é

Ä

-

Ä

Ä

Ä

Ä

-

Ä

Ä

Ä

=

-

+

-

+

-

+

-

+

n

V

Q

m

H

j

n

V

Q

m

H

n

V

Q

m

H

j

n

V

Q

m

H

n

V

m

H

j

n

V

m

H

n

V

m

H

j

n

V

m

H

H

H

H

H

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

W

1

1

1

1

2

a

a

a

a

,

[image: image68.wmf]ú

ú

û

ù

ê

ê

ë

é

Ä

-

Ä

Ä

Ä

Ä

-

Ä

Ä

Ä

=

-

+

-

+

-

+

-

+

1

1

1

1

2

V

V

V

V

Q

n

V

m

H

j

Q

n

V

m

H

Q

n

V

m

H

j

Q

n

V

m

H

n

V

m

H

j

n

V

m

H

n

V

m

H

j

n

V

m

H

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

W

a

a

a

a

,
and

              
[image: image69.wmf]ú

ú

û

ù

ê

ê

ë

é

Ä

-

Ä

Ä

Ä

Ä

-

Ä

Ä

Ä

=

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

1

1

1

1

1

1

1

1

2

V

H

V

H

V

H

V

H

Q

n

V

Q

m

H

j

Q

n

V

Q

m

H

Q

n

V

Q

m

H

j

Q

n

V

Q

m

H

n

V

m

H

j

n

V

m

H

n

V

m

H

j

n

V

m

H

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

W

a

a

a

a

,
where 
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.  To enable beam switching over the subbands, the codebook may include these entries for 
[image: image71.wmf]1

,...,

0

-

=

H

Q

m

 and 
[image: image72.wmf]1

,...,

0

-

=

V

Q

n

. This will make the codebook for 
[image: image73.wmf]2

W

 include 
[image: image74.wmf]2

3

×

×

×

V

H

Q

Q

 entries. If the size of the codebook becomes too large with respect to uplink feedback overhead or UE search complexity, the codebook may be subsampled to e.g. to remove the  possibility to perform beam switching over the subbands.
The design of the scalable 2DCB for other ranks, by extending the design methodology of the Rel.10 codebook to two spatial dimension is straightforward.
2.2 Rich 3D channel feedback

Similar to LTE Rel.10 and 12 codebooks, the use of fat 
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 precoders, i.e. consisting of multiple columns where each column corresponds to a beam, can also be used with the purpose to provide a richer channel feedback, even for lower ranks. This can be utilized by more detailed feedback by combinations of DFT based precoders in case of a digital beamforming array [2] (in which case 
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 would have multiple non-zero elements in each column). It remains to be evaluated what the benefits and drawbacks are if such richer feedback codebook is introduced.  
3 Feedback for non-precoded CSI-RS based schemes

In case of non-precoded CSI-RS based schemes, a highly detailed CSI feedback can be achieved which is useful for MU-MIMO gains in the 2DAA operation. A total of 
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 CSI-RS antenna ports are configured and the UE can feed back a detailed joint vertical and horizontal PMI report from the 2DAA codebook and with the factorized codebook structure also allow for per subband co-phasing of the polarizations. Hence, the UE feedback both 
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and 
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matrices.
As the required spatial oversampling factor Q increases the channel feedback quality, solutions should be investigated to reduce the search space of beams for the UE in case the number of potential 2D beams is significantly larger than LTE Rel-12 for which the UE searches 256 matrices for rank 1 and 2 respectively. Note that Q=4 may be required to achieve significant MU-MIMO performance benefits as shown in [3]
Another issue that needs consideration is the codebook subset restriction for 2D codebooks, see the discussion in [4]. 
4 Feedback for beamformed CSI-RS based schemes including TDD

In case of beamformed CSI-RS schemes, the long term, statistical factor in the precoder 
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 is obtained by reciprocity or by the use of discovery reference signals (DRS). The eNB then transmits 2 CSI-RS antenna ports, one per polarization, in each of a number of beams to resemble
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. Hence, the beamforming provided by 
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 now is transparent to the UE. The UE then measures 
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 CSI-RS antenna ports, thus representing 
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different dual polarized beams and UE then feedback a CSI report containing a selection of one or multiple of the beams and co-phasing factors across the polarizations. Whether the same 
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 as for the non-precoded CSI-RS based schemes can be used needs further study. 
Note that this feedback mode also ensures robust link adaptation for TDD primary cells where reciprocity may be used, since the co-phasing parts of 
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 will not be reciprocal due to hardware implementation at the eNB and UE sides. A CSI feedback containing
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, rank and CQI feedback, ensures proper link adaptation for reciprocity or DRS based schemes in both FDD or TDD. Note also that for TDD Scells, there is sometimes no uplink so the FDD solution must be used, hence there are many commonalities between FDD and TDD and the same solutions can be applied. 

Observation: The same beamformed CSI-RS solution is applicable for FDD and TDD.
5 Conclusion
Based on the discussion in this paper, we propose:
Proposal: Introduce a scalable (by parameters 
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) 2DAA CSI feedback codebook using the well-known Rel.10/12 design principles of a factorized codebook structure by introducing a Kronecker product between horizontal and vertical grid-of-beam vectors. 
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