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1 Introduction
While many of the non-precoded CSI-RS feedback enhancements captured in 36.897 [1] are based on the Rel-10 
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design and use a Kronecker formulation to construct the 2D precoders, a variety of schemes and features of these schemes were proposed.  There were also proposals to reuse existing codebooks for one or both dimensions, motivated by the aim to reduce specification effort.  This contribution considers these enhancements, as well as provides simulation results comparing a codebook constructed from Rel-12 codebooks to a parameterized codebook matched to the array geometry.  This leads to proposals for some basic details of a Kronecker structured codebook for non-precoded CSI-RS.  
2 Codebook design features and dimensioning
2.1 High level features 
The EBF/FD-MIMO study identified five non precoded CSI-RS schemes.  All schemes follow the Rel-12 framework with 
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, and can be expressed using Kronecker products.  The schemes can generally be described with the following notation that extends 
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 to two dimensions:
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Where:
· The diagonal elements correspond to two polarizations 

· 
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 are matrices with columns taken from DFT matrices (i.e. 
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· The number of columns of  
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 (i.e. the number of horizontal and vertical beams) is 
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· 
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, is a column of 
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· 
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is the number of ports in the dimension, and 
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 is the oversampling factor.

The schemes in [1] have a mixture of different features, and so we instead address the features rather than the schemes:

· Factorized precoder structure 
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Beam selection in 
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 and cophasing in 
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.These are the basis of precoding mechanisms introduced since Rel-10, common elements among all proposals, and are natural to support.
· Flexible codebook structure:

Since 9 different 1D and 2D port layouts are possible using the 8, 12, or 16 ports supported in Rel-13 FD-MIMO, it is highly desirable that a single parameterized codebook is used. Hence, a simple and well established way to generate a single codebook for all these configurations is to use a 2D grid of beams codebook with a number of beams that is proportional to the number of horizontal and/or vertical antenna ports. This structure of such a parameterized codebook is discussed in detail in Section 4.
· Cophasing, beam and/or polarization selection in
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.
In order to support up to rank 4 SU-MIMO, and with horizontal beams with a beamwidth on the order of the angle spread or less, beam selection seems reasonable to investigate also for 2D port layouts, since it is supported in Rel-12.  Whether beam selection per subband per dimension is a good use of uplink signaling bandwidth  needs to be investigated. Additionally, the benefit of also allowing different beams on different polarizations is not so obvious since the UE can already exploit spatial and polarization characteristics if beam switching and cophasing are used. 
· Multiple PMI reporting

Since 2D beams by definition include azimuth and elevation, it is natural to index 
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 two dimensionally.  This is further motivated by propagation: azimuth and elevation channel characteristics are significantly different, having different angle spreads, and their rate of change may differ as well.  Also, UEs are distributed differently in azimuth and elevation.  Given these different characteristics, reporting of the two PMIs for 
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 independently could be investigated.  Note that always reporting two PMIs independently may be excessively limiting, e.g. for small UCI payload sizes where it may be desirable to compress the number of codewords in each dimension by a different amount, jointly encode them, and/or transmit them at different rates. Consequently, the number of, and encoding to, PMI report(s) should be further studied. 
· Weighted linear combinations of beams

This has potential to allow higher resolution channel feedback, essentially allowing interpolation of adjacent beams.  In our understanding, such high resolution feedback is most beneficial for MU-MIMO schemes with large arrays. This higher potential for MU-MIMO gain in such arrays might more easily justify its likely additional CSI overhead.  Furthermore, it will be more complex to specify.  Consequently, consideration of such more advanced feedback schemes should be after the basics are settled in Rel-13.

· Using an identity matrix for 
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Using an identity matrix for 
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 would seem to lump the long/short term and wide/narrowband characteristics of the channel together in 
[image: image27.wmf]2

W

.  This could greatly increase the overhead needed to signal 
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, and is essentially the opposite of the principle of using 
[image: image29.wmf]2

1

W

W

W

=

, and violates the basic principle of the factorized precoder. Since the performance/overhead tradeoff is generally poor for such scheme, it should be treated with low priority.
· Selecting antenna ports in 
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Since non-precoded CSI-RS are generally homogenous, having the same cell wide coverage, it is not clear why a UE would be configured to select among them.  If needed, an eNB could configure a UE for a smaller number of non-precoded CSI-RS ports rather than having it select from a larger set of ports.  On the other hand, if beamformed CSI-RS are used, it is natural to select among groups of CSI-RS, as discussed in [2].  
· Selecting columns of 
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This creates a codebook with a subset of a grid of beams.  If the selected subset is configurable by higher layers, such column selection is essentially codebook subset restriction, which has been used in LTE since Rel-8 and has been shown to be particularly beneficial for FD-MIMO performance [3]. The difference here is that beam directions are restricted instead of whole precoder matrices. It could make sense to restrict beam directions, e.g. towards the horizon. If the subset of beam directions is predefined, it would need to be designed for the wide variety of antenna configurations and deployment scenarios that FD-MIMO supports.  In this case, it may be difficult to reduce the codebook size enough to merit the design effort.
2.2 Proposal for the parametrized codebook:
· The Rel-10 factorized precoder 
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framework is used, where 
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corresponds to wideband/long term channel conditions and 
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corresponds to short term/narrowband channel conditions.
· The codebook is parameterized by the number of antenna ports in each of the 2 dimensions: 
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· A Kronecker structure is used, where 2D precoders are formed from a 2D DFT grid of beams:
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, where the diagonal elements correspond to two polarizations 
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, is a column of 
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is the number of ports in the dimension, and 
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 is the oversampling factor.
· The number of columns of  
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 (i.e. the number of horizontal and vertical beams) is 
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· Indexing for 
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is 2 dimensional; number of, and encoding to, PMI report(s) is FFS.

· If column selection for 
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in 
[image: image51.wmf]1

W

 is supported, it is part of the codebook subset restriction used in FD-MIMO.

· Cophasing and beam selection is used in 
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, with the same beams on both polarizations as above.
2.3 Codebook Dimensioning Guidelines

Since the benefit of MU-MIMO increases with the larger array sizes used in FD-MIMO, it is important to design the FD-MIMO specifications with MU-MIMO in mind.  Since MU-MIMO often exploits high resolution non-codebook based beamforming, it can require more accurate, higher resolution, channel estimation.  Consequently, a relatively high oversampling factor such as 
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should be used for the non-precoded codebook design.
Since precoding accuracy is the most sensitive for rank 1, codebook designs can typically be dimensioned based on rank 1 requirements.  Because 16 ports are to be supported in Rel-13, a cross polarized array that results in a 4 row, 2 column (4x2) port layout has the greatest number of beams.  Given the oversampling factor of 4, there are 4*4=16 vertical beams and 4*2=8 horizontal beams in a codebook for this array.  Therefore, we need at most log2(16)+log2(8)=7 bits to identify the azimuth and elevation of a precoder in such an array.  To allow vertically polarized 4x4 arrays or larger cross polarized arrays such as 4x4, at most 8 bits are needed.  Overall, on the order of 8 bits are needed to identify 
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for the largest arrays.
In Rel-12, 
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 can be selected with up to 4 bits.  This size is inherited from Rel-10 codebook and its Rel-10 design targets.  Since CSI feedback overhead is substantially larger with Rel-11/12 features (e.g. 3 times larger with CoMP using 3 CSI processes), and since
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 design is the primary driver for CSI overhead, the number of bits used for 
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should be carefully considered in the context of Rel-13.  Using 4 bits for 
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 allows up to 4 or 8 beams to be selected from 
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 and combined with up to 4 or 2 cophasing factors in a 2D codebook.  This seems a reasonable starting point for an upper bound on the size of
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.  A lower bound would be to use only cophasing in 
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, which would require only 2 bits with 4 cophasing factors.  Hence we propose these tentative values as a starting point:
Proposals: 

· Up to [8] bits can be used to identify
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.
· Up to [2-4] bits can be used to identify
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3 Codebook design & reuse alternatives

A first question that arises is if we can reuse Rel-12 codebooks to support FD-MIMO.  This approach is rather limiting, since it requires that a Rel-12 codebook that has the appropriate number of ports for the vertical or horizontal dimension of the 2D array, and so must have 2, 4, or 8 rows or columns.  One such approach is to use the Rel-12 codebook for both horizontal and vertical precoding, constructing the 2D precoder as a Kronecker product of the two precoders.  As discussed in more detail in our companion paper [4], there are a number of alternatives to such a reuse approach.  We consider one simple approach here where rank 1 precoders are used for vertical precoding, and the full rank Rel-12 codebook is used for the horizontal precoders.  The vertical precoders are formed by taking the product of a subsampled vertical W1 and a subsampled vertical W2.  In order to have a comparable codebook size of 8 bits, we subsample the vertical 
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by 4x, the horizontal 
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by 2x, and the vertical
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by 2x.  We compare it to a parameterized 2D codebook with 
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 using 4x oversampling, which uses 8 bits.  Additional simulation parameters are given in the Appendix. Note that if we take this route in standardization, a lot of evaluation and specification effort will be needed to investigate an optimal subsampling of these codebooks. 
The relative performance of this ‘4 Tx Kron’ approach and the 2D codebook are shown below.  We find that the 2D codebook described in this contribution significantly outperforms the 4 Tx Kron approach. At 50% resource utilization, the 2D codebook has 14 or 18% normalized user throughput gain and 20 or 23% cell edge gain, for 2 and 4 receive antennas, respectively.  At 70% resource utilization, the 2D codebook has 27% normalized user throughput gain and 39 or 34% cell edge gain, for 2 and 4 receive antennas, respectively.  One primary reason for this gain is that the 4 Tx codebook was not designed as a vertical beamformer, and is not well matched to the high element correlation found in vertical beamforming.  
Table 1: Relative performance of ‘4 Tx Kron’ vs. 2D Codebook 4x2 Array in UMi
	
	2 Rx Antennas
	4 Rx Antennas

	At 50% RU
	2D Codebook
	4 Tx Kron
	2D Codebook
	4 Tx Kron

	Cell edge gain
	0
	-23%
	0
	-20%

	Normalized user throughput gain
	0
	-14%
	0
	-18%

	At 70% RU
	2D Codebook
	4 Tx Kron
	2D Codebook
	4 Tx Kron

	Cell edge gain
	0
	-39%
	0
	-34%

	Normalized user throughput gain
	0
	-27%
	0
	-27%


Observations:

Reusing Rel-12 codebooks for 2D port layouts
· Is limited to 2D port layouts with 2, 4, or 8 rows or columns 

· Requires enormous design effort, e.g. deciding which parts to keep, how to perform subsampling etc
· Can perform significantly worse than a codebook designed to match the given 2D port layout
4 Scalable codebook structure
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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Where 
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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 2D port layouts by stacking antenna port 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.
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 maintains the block diagonal structure from Rel-12 and Rel-10 designs while introducing a Kronecker product (KP) structure to
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.  A codeword of 
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with index 
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for a 2D port layout with one beam per codeword can then be expressed as:
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where 
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is a DFT-based precoding vector targeting the kth beam in the horizontal dimension and is a DFT-based precoding vector targeting lth beam in the vertical dimension. This has the effect of applying the vertical precoder 

on each column of the 2D port layout and the horizontal precoder 

 on each row of the 2D port layout. The precoder 
[image: image88.wmf]X

 is a DFT-based precoder, implementing a Grid-of-Beams codebook, supplying the UE with beams pointing at a set of different directions to choose from. 
The DFT-based codebook has a scalable structure in the number of antenna ports and the lth 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 2D port layouts 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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) 2D port layout 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.

4.1 Codebook for 
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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 
[image: image99.wmf]2

W

 has multiple beams. The different layers of the transmissions of increasing rank should, on the first hand, be transmitted on the same beam direction but with orthogonal polarization and, on the other 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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contain 
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 DFT-beams targeting the vertical dimension such that


[image: image105.wmf][

]

1

,...,

0

,

1

1

-

=

=

-

+

+

Q

N

l

a

N

l

l

l

l

b

x

x

x

X

L

 

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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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 
[image: image113.wmf]2
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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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To construct such as precoder, 
[image: image119.wmf]2

W

 can select a subset of the  
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 beams contained in 
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. The selection of beams in 
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has two purposes:
1. To enable different layers to be transmitted on separate beam directions.  This requires that at least two orthogonal beams are grouped in 
[image: image123.wmf]1
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, for ranks 3 & 4.

2. To enable subband beam switching. This requires that a set of beams are grouped in
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. The beam inclusion principle may either follow the Rel-10 8TX codebook and group together adjacent beams (i.e. including non-orthogonal beams), or, it may follow the Rel-12 4TX codebook and group together spatially well-separated beams.
How many 
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 hypotheses to assign to each of these features may need further study as there is a tradeoff between the performance impact and the associated uplink overhead. The 
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design should strive for as much commonality as possible between different 2D codebook sizes, including the special case where either the vertical or the horizontal dimension has size one. However, this does not mean that each instance of the flexible codebook for different port layouts must necessarily share e.g. the same number of beams in 
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. Rather, the differences could be boiled down to a few differing parameters in an otherwise common structure.
If, for example, only beam selection for the different layers should be supported, and not beam switching, a number M orthogonal beams could be grouped in 
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. This grouping could be realized by, given a base beam index 
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 and indexing such that orthogonal beams in 
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 may be smaller than the oversampling factor 
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), grouping together some of the closest orthogonal beams.  This may be done in the vertical direction (i.e. 
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)  or in both directions. How many beams to include for each dimension could very well be a parameter that differs for different 2D port layouts, and could be supplied in a table.  It is also not necessary that the total number of included orthogonal beams 
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should be the same for every port layout. Indeed, the distribution of beams vertically and horizontally is for further study, and distributing beams along one dimension may be sufficient, automatically providing commonality between 1D and 2D port layouts.  Given that one would always  transmit a layer on the “base beam” with index 
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If beam switching is to be included as well, the grouping of beams in 
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could include each adjacent beam in a given range, not only the ones that are orthogonal to the base beam with index 
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 that should be included per dimension may very well be a parameter that differs for different port layouts. Specifically, for the one-dimensional case, one of 
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The number of beam switching hypotheses may for example be 
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 bits of overhead on top of the overhead from beam selection), allowing the base beam to be offset in the interval 
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.  Here we observe that with 2D arrays, the growth in beam switching states is quadratic with respect to the oversampling rates.  This further motivates limiting beam switching to one dimension, or eliminating beam switching if its performance gains are limited.  It should be observed that if beam switching is included in 
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, the overhead for 
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 may be reduced since the beam groups will overlap.
5 Conclusion
In this paper, we have considered details of 2D Kronecker based FD-MIMO codebooks, examining a variety of schemes and features of these schemes that were proposed in 36.897 [1].  We also considered an example of schemes based on reusing Rel-12 codebooks, finding its performance was significantly worse (14-27% worse in normalized throughput) than a parameterized 2D codebook that was matched to the array geometry.  Given our observations and simulation results, we propose a codebook design structure for FD-MIMO where:
· The Rel-10 
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framework is used, where 
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corresponds to wideband/long term channel conditions and 
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corresponds to short term/narrowband channel conditions.

· The codebook is parameterized by the number of antenna ports in each of the 2 dimensions: 
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· A Kronecker structure is used, where 2D precoders are formed from a 2D DFT grid of beams:
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, where the diagonal elements correspond to two polarizations,
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is the number of elements in the dimension, and 
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 is the oversampling factor.

· The number of columns of  
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 (i.e. the number of horizontal and vertical beams) is 
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· Indexing for 
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is 2 dimensional; number of, and encoding to, PMI report(s) is FFS.

· If column selection for [image: image171.wmf]l
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in 
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 is supported, it is part of the codebook subset restriction used in FD-MIMO.

· Cophasing and beam selection is used in 
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, with the same beams on both polarizations as above.

· Up to [8] bits can be used to identify
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.

· Up to [2-4] bits can be used to identify
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Our proposal is to agree on these building blocks for the FD-MIMO codebook, identify which parameters and matrices that needs further analysis and evaluation until the next meeting.
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7 Appendix

For the system simulations, these assumptions were used:

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD, 3D UMa 500m ISD

	Cell layout
	1 vertical sector per azimuthal sector (baseline), 57 azimuthal sectors in total

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	Aperiodic mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi), 46 dBm (UMa) 

	Traffic model
	FTP Model 1, 500 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	CRS interference 
	Not modeled. Overhead accounted for 2 CRS ports.

	DMRS overhead
	2 or 4 antenna ports

	CSI-RS
	Overhead accounted for.  

Channel estimation error modeled.

	Codebook
	2D Grid of Beams based on DFT, or ‘4 Tx Kron’

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB
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