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1 Introduction
In RAN1#82, a codebook framework with a few codebook construction alternatives was identified for FD-MIMO [1].  The codebook framework uses a factorized W1W2 design, and is based on a Kronecker product of beamforming vectors.  Design alternatives were identified for both W1 and W2.  This contribution considers the various alternatives, as well as additional details such as the performance benefits of fast beam switching in W2 and the suitability of 2D codebooks for use with 1D port layouts.  Memory and complexity aspects are also considered.  Finally, a codebook is proposed based on these considerations.
2 Codebook design alternatives
2.1 W1 construction
The basic codebook structure was agreed to be [1]:

where:
·  ,  FFS
·  is a N1xL1 matrix with L1 column vectors being an O1x oversampled DFT vector of length N1: 
·  is a N2xL2 matrix with L2 column vectors being an O2x oversampled DFT vector of length N2: 
· N1  and N2 are the numbers of antenna ports per pol in 1st and 2nd dim.

The three alternatives identified for W1 construction were:
· Alt 1: 
· Alt 2: 
· Alt 3: 
Where for all the three alternatives:
·  (or , k=1,2 ) is the index for .
· (or , k=1,2 ) is the index for .
The alternatives can be summarized:
· Alternative 1 uses the same 2D beams (identified by (,)) on both polarizations.
· All possible 2D beam directions can be selected by W2, presuming that  and .  
· This can be viewed as a simple rectangular grid of beams.
· Alternative 2 also uses the same 2D beams on both polarizations, but has a codebook for W1 that is a subset of the beams in , due to the use of the column selection operator.
· Equivalently, a subset of the combinations  and  are used in W1.
· Can be seen as a way to further improve performance beyond that enabled from a variable and/or  by allowing more general beam combinations.  That is, by significantly reducing the number of possible W1s for a given and , Alt 2 strives to reduce redundancy in the codebook while still having high resolution.
· Alternative 3 is a generalization of alternative 1 that allows different beams to be combined or selected across the polarizations by W2.
· All possible 2D beam directions can be selected by W2, presuming that ,  ,  and .
· This can be viewed as two rectangular grids of beams, where each grid corresponds to one polarization and one beam set is independently selected from each grid.
· Alt. 3 is a similar mechanism to fast beam selection in W2 using orthogonal beams. Orthogonal beams tend to be uncorrelated, which is a primary property of differently polarized elements.  Therefore, Alt. 3 can be seen as a way to provide additional diversity gain beyond that available from beam selection.
Comparing the three options, we observe that Alternative 1 can be seen as a baseline scheme from which Alt. 2 and Alt. 3 add features to improve performance.  Alt 2 allows more elaborate 2D patterns for a given number of possible W1 matrices, targeting better performance for a given W1 codebook size.  Alt 3. may provide additional diversity gain beyond that available from fast beam selection by allowing different beams to be combined across polarizations.
Observations:
· W1 design Alt 1. can be thought of as a baseline scheme on which Alt 2 and 3 build.
· W1 design Alt 2 targets improved performance for given values of O1,O2,N1,N2 (i.e. W1 codebook size) through the use of more optimized 2D beam subsampling patterns.
· W1 design Alt 3 targets improved diversity gain beyond that of beam selection alone by allowing different beams to be combined across polarizations.
2.2 W2 construction
The basic codebook structure was agreed to be [1]:
For rank 1 and rank 2, select one among the 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, , p = 0, 1, 2, 3 for rank 1; and p = 0, 1 for rank 2
The alternatives can be summarized:
· All alternatives allow QPSK cophasing of the upper and lower W1 sub-matrices.
· Alternative 1 selects the same beams across the polarizations.  If  and/or  are not fixed in specification, then Alt 1. supports fast beam selection using W2.
· Alternative 2 can select different beams across the polarizations.  If  and/or  are not fixed in specification, then Alt 2. supports fast beam selection using W2.
· Alternative 3 can also select different beams across the polarizations.  As in Alt 2., if  and/or  are not fixed in specification, then Alt 3. supports fast beam selection.  Furthermore, additional cophasing factors are added to W2.  These factors presumably would add higher phase resolution beyond QPSK, and may be suitable for more advanced codebooks in later releases.
Comparing these options for W2 design, we can again view Alt. 1 as a baseline design on which Alt 2 and Alt. 3 add features to improve performance or support more general arrays.  Alt 2. supports Alt. 3 of W1 design (described in Section 2.1), targeting improved diversity gain by allowing different beams to be combined across polarizations.  Alt 3. allows higher phase resolution, supporting e.g. copolarized arrays in addition to cross pols.

Observations:
· W2 design Alt. 1 can be thought of as a baseline scheme on which Alt 2 and 3 build.
· W2 design Alt. 2 targets improved diversity gain beyond that of beam selection alone by allowing different beams to be combined across polarizations.
· W2 design Alt. 3 allows higher phase resolution, which could be considered in more advanced codebooks in later releases to provide higher resolution feedback or to provide support for copolarized arrays.
2.3 [bookmark: _Ref426729914][bookmark: _Ref426802038]Baseline codebook structure
As observed above, W1 design Alt. 1 and W2 design Alt. 2 can be used to form a baseline codebook.  However, some details for W2 construction are still necessary to complete the design.  Since the lowest overhead and least computational complexity in the UE can be obtained without fast beam selection for ranks 1&2, the baseline design does not include fast beam switching for these ranks, instead using 2 bit cophasing.  However, since the benefit of cophasing diminishes for ranks >2, we consider a 2 bit W2 design including fast beam selection for ranks>2.  The design is described below for ranks 1-4.  To better explain the design, an approach to specify the complete codebook (including ranks 5-8) is given in Appendix 2.
Proposal:
The following codebook design is taken as a baseline:
· Codebook is configured with N1,N2,O1,O2
· Values of N1, N2, , and  are RRC signaled
· N1,N2 = {1,2,3,4,6,8} where 2*N1*N2={8,12,16}
· O1,O2 = {2,4,8}
· W1 uses:
· 
· Where:  is the index for .
· W2: 
· Supports limited beam selection
· L1=L2=1 for rank 1-2
· L1=L2=2 for rank [3]-8, unless N1=1 or N2=1
· If N1=1, then L2=4; If N2=1, then L1=4
· Uses 0, 1, or 2 bit cophasing, according to rank
· Max # bits = 2
· Rank 1,2:
· , 
· Where , and L1=L2=1
· Rank 3:
· 
· Where ; and L1=2, L2=1
· Rank 4:
· 
· Where L1=L2=2

W2 details are further considered:
· Additional configurations supporting beam selection for ranks 1&2 are not precluded.
· Further discuss the merit of specifying fast beam selection for ranks 1&2.
3 Fast beam switching in W2 
In this section, we consider the performance benefits as well as the costs of fast beam selection in terms of overhead and UE complexity.
3.1 CSI overhead and UE complexity
Fast beam switching increases CSI overhead as well as UE complexity.  We consider both these aspects in the following.  We focus on subband CQI reporting, since it requires the most overhead, and is the most computationally demanding CQI mode.  Therefore it should be used to dimension the maximum amount of CSI feedback processing needed in the UE as well as the maximum CSI payload.

Up to 13 subbands are reported for the largest carrier bandwidths, and so each bit of W2 corresponds to 13 bits of overhead.  With 2, 3, or 4 bits in W2 used for fast beam switching, overhead is then an additional 26, 39, or 52 bits on top of that needed for cophasing.  If we assume a 16 port layout with , then 7 bits are needed for W1, and a codebook with only 2 bit cophasing in 13 subbands would require 33  bits.  The total overhead with W1, W2 cophasing and 2, 3, or 4 bit cophasing would be 59, 72, or 85 bits, or 1.8x, 2.2x, or 2.6x higher.

While CQI calculation is UE implementation, because W2 is reported for each subband (and W1 is only reported for all subbands) some UE implementations may calculate CQI for each W2 hypothesis while holding W1 fixed.  If 2, 3, or 4 bits are used for beam selection in addition to cophasing this can result in 4, 8, or 16x more CQI calculations per subband than if cophasing alone is used.

It may be argued that beam selection has been supported in CSI reporting since Rel-10, and so it is natural to continue to support it.  However, the Rel-10 W2 codebook was designed prior to CoMP being specified and primarily with one carrier in mind.  However, in Rel-13 we have 3 CSI processes and are considering as many as 32 DL carriers.  Therefore, the cost/benefit tradeoff of fast beam selection is different in Rel-13 than in prior releases, and every bit of W2 should be appropriately justified.

Observations:
· Fast beam selection can more than double CSI overhead
· E.g. for 4x2 port layout with 4x oversampling, 2-4 bit beam selection has 1.8x-2.6x more overhead than 2 bit cophasing.
· Fast beam selection can substantially increase CQI calculations per subband
· If the UE computes a CQI for each W2 hypothesis, 2-4 bits for beam selection results in 4-16x more CQI calculations.
· W2 overhead and complexity should be carefully justified in Rel-13, since unlike in Rel-10, up to 32 DL carrier aggregation as well as 3 CSI processes will be supported.
3.2 Performance of fast beam switching
We consider the benefit of fast beam switching when nearest neighboring 2D beams in W1 are selected vertically, horizontally or in a square, when  as shown in the figure below.  Results are provided for both UMi and UMa for 2x3, 2x4, 3x2, and 4x2 port layouts.  Note 2x1 vertical element virtualization is used, and so these port layouts correspond to 4x3, 4x4, 6x2, and 8x2 2D antenna arrays.  SU-MIMO results are given with 2 receive antennas with up to rank 2 transmission.  The performance baseline is the case when no fast beam switching is used (i.e. ).  Further simulation assumptions are provided in Appendix 1.

[image: ]
Figure 1: Horizontal and Vertical Beam Combinations in W1

Table 1: Gains from Fast Beam Switching in UMi and UMa
	
	2x3 UMi
	2x4 UMi
	3x2 UMi
	4x2 UMi

	At 50% RU
	4V1H
	2V2H
	4V1H
	4V1H
	2V2H
	1V4H
	2V2H
	1V4H
	1V4H
	4V1H
	2V2H
	1V4H

	Mean user throughput gain
	-1%
	0%
	-1%
	-2%
	-1%
	1%
	3%
	0%
	-1%
	-1%
	1%
	-1%

	Cell edge gain
	1%
	-3%
	1%
	-11%
	-3%
	-4%
	3%
	1%
	-2%
	-3%
	1%
	-6%

	
	2x3 UMa
	2x4 UMa
	3x2 UMa
	4x2 UMa

	At 50% RU
	4V1H
	2V2H
	4V1H
	4V1H
	2V2H
	1V4H
	2V2H
	1V4H
	1V4H
	4V1H
	2V2H
	1V4H

	Mean user throughput gain
	6%
	2%
	2%
	-2%
	2%
	-1%
	-5%
	-1%
	-4%
	-1%
	5%
	2%

	Cell edge gain
	8%
	-2%
	-3%
	-7%
	8%
	-2%
	-11%
	-1%
	-17%
	-11%
	8%
	10%



Observations: 
· Gains from fast beam switching are not observed in UMi
· Both small gains and small losses are observed from fast beam switching in UMa, depending on port layout and beam selection
· Mean, cell edge gains of up to 6%, 10%
· Mean, cell edge losses of up to 5%, 17%
· Gains, losses depend on how beams are distributed
· Gains, losses observed if beams are distributed horizontally, in a square, or vertically.
Proposal: 
· FD-MIMO CSI feedback for W2 supports 2 bit cophasing only feedback for ranks 1&2, with 
· If fast beam switching ( or ) is also supported for ranks 1&2,
· At most 
·  is determined by configuration either by the value of  or independently for each value of .
4 Using 2D codebooks for 1D port layouts
It is possible to use a 2D codebook for a taller port layout to support a wider 1D port layout.  For example, one can map a 2x3 codebook to a 1x6 port layout by numbering the 2D ports appropriately.  This is shown in the figure below.    In the figure, the baseline 12 port 1D port layout uses an oversampling factor of 4, and so has 24 beams total.  The 12 port 2D layout also uses 24 beams, so that the codebooks can be fairly compared.  An oversampling factor of 2 is used vertically and horizontally.  The CSI feedback is then computed with the ports numbered as shown.

[image: ]
Figure 2: 2D Port Layout Mapped to 1D

Simulation results for the above configurations are shown below.  Results are given for UMi and UMa for FTP traffic.  The simulation details are provided in Appendix 1.  Significant losses of 8-12% mean and 14-25% cell edge throughput are observed.  This is natural, since ports in a 2D codebook are designed to be closer together, resulting in an array manifold with coarser phase differences.  On the other hand, a 1D port layout has finer phase differences, and benefits from higher oversampling factors between adjacent elements.  Therefore, designing for a 2D port layout while using the array for a 1D port layout makes inefficient use of degrees of freedom, resulting in loss of performance.  

Table 2: Performance of mapping 2D codebook to 1D in UMi and UMa
	
	UMi
	UMa

	At 50% RU
	1x6
	2x3
	1x6
	2x3

	Mean user throughput gain
	0%
	-12%
	0%
	-8%

	Cell edge gain
	0%
	-25%
	0%
	-14%



It would of course be possible to match the phase granularity of the 2D codebook to the 1D codebook for both of the dimensions, thereby making the codebooks equivalent.  In the example above, for the 2D codebook  and  could use  and  oversampling such that the phase granularity between all elements is the same as that achievable with the 1D design that uses .  Such a 2D codebook is clearly overdesigned, leading to additional PMI overhead, UE complexity, and/or UE power consumption.

Observations:
· Using a 2D codebook to support a wider array than it is designed for degrades performance significantly.
· Losses of 8-12% mean and 14-25% cell edge throughput are observed when a 12 port 2x3 layout is mapped to a 12 port 1x6 layout.
· Compensating for mismatches between 2D and 1D port layouts effectively requires higher oversampling factors and therefore much larger codebooks.
· For example, matching the phase resolution of a 1x6 1D port layout with 24 beams with a 2D 2x3 port layout would require  with .  This means the 2D codebook would have 192 2D beams, which is 8x larger than the 1x6 1D codebook.
5 Conclusion
Based on the observations and simulation results provided, we propose:
Observations: 
· W1 design Alt. 1 and W2 design Alt. 2 from [1] can be viewed as a baseline from which additional features can be considered to provide further gains.
· Both small gains and small losses are observed from fast beam switching in UMa, depending on port layout and beam selection.  However, gains are not observed in UMi.
· Gains and losses vary with the number of horizontal and vertical beams in W1 (that is, the (,) configuration).
· Mapping a 2D codebook to a 1D port layout degrades performance.
· Much higher oversampling, and therefore a much larger codebook, is needed to match the phase resolution that is available when the codebook matches the port layout.

Proposal: 
· The codebook as described in Section 2.3 and Appendix 2 is used as a baseline, with alternatives W1 Alt 2,3 and W2 Alt 2,3 of [1] not being precluded:
· Features supporting one or more of W1 Alt 2,3 and W2 Alt. 2 can be included if significant benefits are shown.
· Fine granularity cophasing in W2 Alt. 3 may be suitable for more advanced codebooks, and can be considered for later releases to provide higher resolution feedback or to support more general arrays.
· FD-MIMO CSI feedback for W2 supports 2 bit cophasing only feedback for ranks 1&2 (i.e. with the number of columns in W1 : ).
· [bookmark: _GoBack]Fast beam selection is further considered:
· Fast beam switching with no more than 2 bits in W2 is supported for rank > 2.
· Additional configurations supporting beam selection for ranks 1&2 are not precluded.
· Further discuss the merit of specifying fast beam selection for ranks 1&2.
· If fast beam switching ( or ) is also supported for ranks 1&2,
· At most .
·  is determined by configuration either by the value of  or independently for each value of .
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Appendix 1
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 or 1D Grid of Beams based on DFT

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB





Appendix 2: Codebook Design
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Codebook for 6-layer CSI reporting 
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