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1
Introduction
In the last working group meeting, consensus was reached to move forward with the specification of an enhanced 4Tx codebook, at least for ranks 1 and 2.  Additional agreements directed to a specific codebook structure supplemented this decision and provided a framework for selecting remaining design parameters.  In this contribution, we present our views on how to finalize the enhanced codebook.  The proposal is identical to our earlier submissions [1,2] and is aligned with key features of the Release 10 8Tx codebook. 
When considering codebook enhancements, it is important to differentiate between low-rank (i.e., ranks 1 and 2) and high-rank (i.e., ranks 3 and 4) transmissions.  It is a well-known fact that improving codebook granularity, as targeted by the enhanced codebook, improves system performance at low ranks but does not show much, if any, benefit for high ranks.  This motivates to differentiate between low and high rank scenarios and to reduce standardization complexity by reusing the existing Rel-8 4Tx codebook for ranks 3 and above.  We refer to our companion contribution [3] for details. 
The remainder of this paper is organized as follows.  Section 2 provides details of our codebook proposal and Section 3 is devoted to comparing the proposal with those of other companies.  The tradeoff between system performance and feedback overhead is considered.  Other factors, including codebook structure and specification complexity, are also addressed. 
2
Enhanced codebook proposal
Motivated by input from wireless operators, the specification of the enhanced 4Tx codebook focuses on closely-spaced cross-polarized antenna deployments.  This objective is the same as for the 8Tx codebook design in Release 10.  Therefore, it is natural to consider reusing design aspects of the 8Tx codebook for the enhanced 4Tx codebook design. Most importantly, this includes a dual codebook structure wherein each codebook element is associated with a wideband precoder W1 and a subband precoder W2.  The benefit of such a structure is reduced feedback overhead.  The wideband precoder W1 carries information that is common to all subbands whereas the subband precoder W2 targets refining codebook granularity within a given subband.  
The 8Tx dual codebook design comprises two salient features.  First, it uses a block diagonal, grid-of-beams structure for the wideband precoder which tailors it to closely-spaced cross-pol configurations by associating each of the two block-diagonal elements with one of the two polarizations.  The subband codebook in turn performs co-phasing between the two polarizations whose channels are close to being independent.  Second, the 8Tx codebook supports the concept of “beam groups.”  In this design, the wideband precoder does not select a single beam but rather a group of adjacent beams; the selection of a specific beam from within this beam group is performed by the subband precoder W2.  Following this approach again leads to overhead reduction: the wideband precoder W1 selects a beam group representing a coarse precoder selection which ideally is optimal across all subbands while the subband precoder W2 then selects a specific beam from within the beam group to complete the precoder selection process.  
The above features are aligned with the agreed working assumptions of the last meeting [4].  However, several design parameters remain to be finalized, including: 
1. Grid-of-beam resolution associated with the wideband precoder;
2. Composition of the beam groups, such as size of and overlap among them; and
3. Co-phasing granularity and limitations of beam selection (within a beam group) by the subband precoder W2.
With respect to the above open issues, we reiterate our earlier proposal, which was referred to as “Alt-1” in [1].  It corresponds to selecting the open design parameters in accordance with a downscaled version of the 8Tx codebook.  For the grid-of-beam resolution, we propose to keep the same oversampling factor that was used in the 8Tx codebook.  As the 4Tx codebook consists of only half the antennas, the number of beams in the grid is also halved which leads to a total of 16 beams.  
The coarser resolution of 16 beams motivates a reduction of the number of beams per beam group.  In particular, we propose that each beam group consist of two adjacent beams and that adjacent beam groups overlap by one beam.  This again amounts to a downscaled version of the 8Tx codebook, which consisted of groups of four beams with a two-beam overlap of adjacent groups.  
The reduced size of the beam groups leads to a feedback overhead reduction for the subband precoding codebook W2 because the beam selection is constrained to selecting one out of two beams rather than one out of four beams.  The associated 1bit reduction is noticeable and of practical importance because the subband precoder is selected on a subband basis.  In a typical LTE system, where there are approximately 9 subbands, feedback payload is reduced by 9bits.  When compared with the total payload of 54 bits for the associated aperiodic reporting mode, this amounts to a noticeable fraction of 16%.  
Mathematically, our proposal can be expressed as follows: 
W1 codebook (4bits)
ranks 1 and 2: 
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W2 codebook (3bits)
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rank 2: 
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(4)
where ei represents a 2×1 selection vector with zero entries except for the i-th entry which is equal to one.

The codebook proposal above is aligned with all agreements and working assumptions of the last meeting.  In particular, it reflects the second alternative among the four options listed for the W2 design [2], i.e., a subsampled version of the 8Tx W2 codebook.  
3
Comparison of codebook proposals
This section compares the codebook proposals submitted by various companies as part of the pre-meeting email discussion with regard to (1) their tradeoff between system performance and associated feedback overhead; and (2) their underlying codebook structure.  

3.1
System performance vs. feedback overhead

From a feedback overhead perspective, the submitted proposals can be categorized into two groups:  
· Group 1: 4bit W1, 3bit W2; and

· Group 2: 4bit W1, 4bit W2. 

Proposals in Group 2 have higher feedback overhead of one additional bit per subband.  In a typical LTE, with approximately 9 subbands, this corresponds to 9bit or roughly 16% of the total payload contained in an aperiodic feedback report based on the newly introduced PUSCH mode 3-2 that allows for wideband and subband PMI feedback.
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Figure 1: Performance gain with proposals of Group 1 (left) and Group 2 (right).

The additional overhead of proposals in Group 2 needs to be justified by improved system performance.  Figure 1 provides such a comparison.  Codebook proposals from selected companies are provided for both groups and percentage gains are shown over using the Release 8 4Tx codebook.  Table 1 shows a summary of the averaged performance gain within each group.  It shows that the average performance gain with codebooks of Group 1 amounts to approximately 3%.  Codebooks of Group 2 perform marginally better on average with gains in the 3.4-3.7% range.  Detailed evaluation results and absolute performance numbers (in Mbps) are shown in Table 2 in the appendix. 
Table 1: Average performance gain of Groups 1 and 2.

	Group
	Average performance gain over Rel-8 codebook

	
	5%-ile
	Median
	Mean

	Group 1
	3.0%
	3.1%
	2.9%

	Group 2
	3.4%
	3.7%
	3.3%


In light of these results, the tradeoff between system performance and feedback overhead should be struck in favor of Group 1, that is, the enhanced codebook should use 4bit/3bit feedback for W1/W2, respectively.  The additional performance gain associated with Group 2 proposals is marginal and, in our view, does not justify the additional payload.  
Selecting Group 1 has additional benefits.  For example, it was agreed at the last meeting that the enhanced codebook would also be supported with periodic CSI feedback modes for which the codebook may need to be subsampled in order to meet strict payload constraints (as was the case for the 8Tx codebook).  By selecting Group 1, the extent of subsampling can be reduced which has the benefit of better aligning the effective codebook between periodic and aperiodic feedback reporting. 
Proposal 1: 

· The enhanced codebook has payloads of 4bits for W1 and 3bits for W2. 

3.2
Codebook structure
The proposals associated with Group 1 have identical feedback overhead and almost identical system performance.  They further share a similar codebook structure inasmuch as beam groups of size-2 are considered.  Nonetheless, the proposals differ in terms of beam group composition and co-phasing selection.  
For example, the proposal [13] argues in favor of beam groups that consist of orthogonal instead of adjacent beams.  While it is not expected that this shows benefits for cross-polarized antenna setups with close-spacing, it may show some benefits for setups with large antenna spacing.  However, it is unclear whether this provides sufficient motivation for deviating from the design principles of the 8Tx codebook, which used beam groups comprising adjacent beams as a means for subband feedback refinement. 
The proposals in [11, Opt-1] and [17, Opt-1] have in common that the subband codebook W2 allows for a co-phasing and beam selection which is jointly encoded, by means of a table, to meet the payload constraint.  This results in some increase of specification complexity, particularly when it comes to subsampling the codebook to make it feasible for periodic CSI feedback.  The 8Tx codebook structure had the benefit that some compression was possible without performance loss whenever W1 and W2 happened to be reported with wideband granularity (as is the case in some periodic CSI reporting modes).  This is due to the redundancy associated with overlapping beam groups, which is important when multiple subband W2 precoders are fed back under the assumption of a common wideband W1 but unnecessary otherwise.  For the proposals in [11,17] finding a suitable subsampling may be more difficult, thereby increasing specification complexity. 

In conclusion, given the effectively identical performance of codebooks in Group 1, we reiterate our proposal to adopt the codebook in (1)-(4).  It benefits from retaining the same design elements as the 8Tx codebook.  This benefits both standardization and implementation complexity, as designs associated with the 8Tx codebook can be reused more straightforwardly. 

Proposal 2: 

· Adopt the codebook structure in (1)-(4) for ranks 1 and 2 of the enhanced codebook.
4
Conclusions
In conclusion, we make the following proposals: 

· The enhanced codebook has payloads of 4bits for W1 and 3bits for W2. 

· Adopt the codebook structure in (1)-(4) for ranks 1 and 2 of the enhanced codebook.
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Appendix
A.1
System-evaluation results
Table 2: Evaluation results. 
	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-8 codebook
	0.989
	1.998
	2.288

	Group 1 codebooks

	Ericsson [13]
	1.016
	2.7%
	2.059
	3.1%
	2.360
	3.1%

	NEC (Opt-1) [17]
	1.024
	3.5%
	2.059
	3.0%
	2.358
	3.1%

	Qualcomm
	1.014
	2.5%
	2.066
	3.4%
	2.355
	2.9%

	Renesas (Opt-1) [11]
	1.020
	3.1%
	2.053
	2.8%
	2.349
	2.7%

	Group 2 codebooks

	Alcatel-Lucent [5]
	1.014
	2.5%
	2.054
	2.8%
	2.350
	2.7%

	AT&T (Opt-1a) [14]
	1.010
	2.1%
	2.065
	3.4%
	2.348
	2.6%

	AT&T (Opt-1b) [14]
	1.035
	4.7%
	2.084
	4.3%
	2.374
	3.7%

	Fujitsu [7]
	1.021
	3.2%
	2.074
	3.8%
	2.363
	3.3%

	Huawei [6]
	1.034
	4.5%
	2.091
	4.6%
	2.376
	3.9%

	Intel [9]
	1.031
	4.2%
	2.084
	4.3%
	2.380
	4.0%

	LGE [16]
	1.026
	3.7%
	2.057
	3.0%
	2.362
	3.3%

	NEC (Opt-2) [17]
	1.010
	2.1%
	2.086
	4.4%
	2.370
	3.6%

	Renesas (Opt-2) [11]
	1.001
	1.2%
	2.051
	2.7%
	2.357
	3.0%

	Samsung (Opt-1) [10]
	1.037
	4.8%
	2.076
	3.9%
	2.374
	3.8%

	Samsung (Opt-2) [10]
	1.033
	4.4%
	2.074
	3.8%
	2.370
	3.6%

	ZTE [15]
	1.019
	3.0%
	2.055
	2.8%
	2.349
	2.7%


A.2
Simulation assumptions
Table 3: Evaluation assumptions.

	Parameter
	Value

	Channel model (Scn-A)
	- Macro part of the ITU CoMP Scn-3/Scn-4 channel model as specified in TR36.819 and [6]

- 100% of UEs located outdoors

	Bandwidth
	10MHz

	Traffic
	Full buffer

	Number of Tx/Rx antennas
	4Tx, 2Rx

	Transmission scheme
	SU/MU-MIMO with dynamic switching; rank-adaption considered for SU-MIMO

	Scheduler
	Proportional fair

	MU-MIMO pairing
	- Exhaustive search based on summed PF-metric

- Pairing 2UEs with rank-1 each

	Subband granularity
	6RBs

	Receiver type
	MMSE-IRC

	Overhead assumption
	- 2CRS ports, DM-RS, and 2 control symbols

- No MBSFN subframes
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