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1
Introduction
At RAN1#72 a working assumption was made to support an aperiodic feedback mode with both subband PMI and subband CQI feedback [8].  Additional enhancements for the 4Tx case were left for further study, including an enhanced codebook, additional feedback of MU-MIMO related information (“MU-CQI”), and a refinement of the subband size. 

In this paper we present our views on enhancing the 4Tx codebook, building on our recent proposal [9] submitted as part of a pre-RAN1#72bis email discussion.  We compare our proposal with those of selected other companies and seek to identify commonalities that could serve as a way forward.  We also discuss the configuration aspects pertaining to the codebook and how to integrate it into the both periodic and aperiodic feedback reporting. 
MU-CQI enhancements are discussed in our companion paper [10].  As agreed at the last meeting, both codebook and MU-CQI enhancements should be evaluated on equal footing in order to determine which one, if not both, to adopt. 
2
Codebook enhancements for 4Tx

In this section, we briefly review our codebook proposal put forth as part of the corresponding pre-RAN1#72bis email discussion [9].  Based on evaluation results, we propose to focus on one of the proposed alternatives since it appears to strike a superior tradeoff in terms of performance and complexity.  We also discuss selected codebook proposals by other companies. 
2.1 
Codebook structure

2.1.1
Design for ranks 1 and 2

The Rel-10 8Tx codebook is based on two salient features.  First, it uses a block diagonal, grid-of-beams (BD-GoB) structure for the wideband codebook C1 which tailors it to cross-polarized antenna configurations.  Second, the wideband codebook supports the indication of a beam group, corresponding to a set of adjacent beams, which is typically close-to-optimal across the system bandwidth.  The subband codebook C2 performs beam selection within the indicated beam group to refine the beam selection on a subband level as well as co-phasing between the two polarizations. 

In designing a dual-stage codebook for 4Tx, it is natural to pursue a similar approach, at least for ranks 1 and 2.  However, the following design parameters should be revisited: 

1. GoB resolution (i.e., the total number of beams that can be selected);
2. Size of and overlap between beam groups; and
3. Co-phasing granularity between the two polarizations.
Based on these considerations, the wideband codebook C1 can be written in the following form: 
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where R denotes the GoB resolution, M denotes the overlap between neighboring beam groups and Ng denotes the size of each beam group. Using this notation, the 2×1 column vectors bi are given by
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For rank-1, the subband codebook C2 has the form 
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where ei represents an Ng×1 selection vector with all zero entries except for the i-th entry which is equal to one. 

For rank-2, the subband codebook W2 can be written as
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where the pair 
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 is selected from a set of possible combinations of beam selection vectors. It should be noted that equations (4) and (6) assume a co-phasing granularity of 2bits for rank-1 and 1bit for rank-2, which is aligned with the 8Tx design [7]. 
The GoB resolution R, the size of the beam groups Ng, and their overlap M should be carefully optimized to strike the best possible tradeoff between downlink performance and uplink feedback overhead.  The choice of the above parameters further impacts the tradeoff between W1 and W2 payload which is important to consider since W1 is reported wideband but W2 is reported subband.  For example, adding 1bit to the W1 granularity increases the total payload by only a single bit whereas adding 1bit to W2 increases the total payload by as many bits as there are subbands (i.e., on the order of 8bits or more).  
In reconsidering these design parameters we propose to focus on the two alternatives listed in Table 1. Alt-1 corresponds to a GoB resolution with oversampling factor 8, i.e., the same oversampling that was used for 8Tx.  The reduced GoB resolution motivates a reduction in the size of the beam groups to 2 beams.  A 1 beam overlap between adjacent beam groups follows from this design choice.  Assuming a total of 4 co-phasing choices for rank-1 and 2 co-phasing choices for rank-2 leads to the W1 and W2 payloads listed in the table. 
Table 1: Proposed codebook alternatives for ranks 1 and 2. 
	Code-book
	Rank
	GoB resolution
	Size of beam groups
	Overlap of beam groups
	# of beam groups
	# of co-phasing choices
	W1
payload
	W2 payload

	Alt-1
	1
	16
	2
	1
	16
	4
	4bits
	3bits

	
	2
	
	
	
	
	2
	4bits
	3bits

	Alt-2
	1
	32
	4
	2
	16
	4
	4bits
	4bits

	
	2
	
	
	
	
	2
	4bits
	4bits


A second design alternative is to keep the same GoB resolution as for 8Tx which amounts to an increased oversampling factor of 16.  This further motivates to keep the size of beam groups at 4 with an overlap of 2 beams between neighboring beam groups.  Again assuming a total of 4 co-phasing choices for rank-1 and 2 co-phasing choices for rank-2 leads to the W1 and W2 payloads in the table. 
Please note that for the C2 codebook and rank-2, all combinations of (y1,y2) can be exhausted for Alt-1.  For Alt-2, the selection of the (y1,y2) pairs is aligned with the definition of the 8Tx codebook [7]. 
Based on our evaluation results, shown in Section 3, we prefer Alt-1, which keeps the same GoB oversampling factor as for 8Tx and further reduces the W2 payload by 1bit which is beneficial from an overhead perspective.  

Proposal 1:

· If an enhanced codebook is supported, adopt Alt-1 shown in Table 1. 
2.1.2
Design for ranks 3 and 4

The size of the 8Tx codebook decreases for higher ranks.  For example, for rank-4 the C1 and C2 payloads amount to only 2bits and 3bits, respectively, whereas there are 4bits for both C1 and C2 in the case of ranks 1 and 2.  The payload decrease is motivated by the fact that codebook differentiation becomes less significant at higher ranks.  If an enhanced codebook is supported for ranks 3 and 4, this concept should be carried over to the 4Tx case such as to decrease feedback complexity and overhead. 

Alternatively, to save standardization effort, reusing the existing Rel-8 4Tx codebook could be considered for ranks 3 and 4.  However, if the Rel-8 codebook is reused, only wideband PMI feedback should be supported, even if the enhanced aperiodic feedback mode of the working assumption is configured.  Further subsampling of the codebook could be considered.  
Proposal 2: 

· Reuse the Rel-8 4Tx codebook for ranks 3 and 4 subject to wideband-only PMI feedback. 
2.2
Discussion of related codebook proposals

In this section, we summarize our views on selected pre-RAN1#72bis codebook proposals by other companies.  Most proposals, like this contribution, focus on a dual codebook structure although with different parameterizations.  Several proposals were made in favor of other structures.  

2.2.1
Support of beam groups

An important feature of the Rel-10 8Tx codebook is the support of beam groups, which allow beam refinement on a subband level as part of the W2 PMI selection.  In this framework, the W1 PMI selects a beam group that is close to optimal across the system bandwidth.  The W2 PMI then selects a beam out of this beam group on a subband level, such as to refine beam selection.  Co-phasing between the polarizations is also performed by the W2 selection (regardless of whether beam groups are supported). 
Several companies, e.g., [11, 12], have proposed codebooks which do not include the concept of beam groups.  A benefit of such proposals is reduced payload for the W2 PMI which then only provides the necessary co-phasing support.  The reduction in payload needs to be contrasted with the performance loss of not supporting beam groups.  Based on our evaluations result in Section 3, we do see benefit in retaining the concept such as to improve performance, despite the corresponding payload increase. 
Proposal 3: 

· Support beam groups to allow beam refinement on a subband-level. 
2.2.2
Antenna selection codebooks 

While a majority of proposals focuses on block diagonal codebook structures tailored to cross-polarized antenna setups, some codebook proposals target other deployment types.  For example, in proposals [13] and [14] at least a subset of precoders targets geographically separated antennas, where the codebook performs the function of antenna selection.  In these proposals codewords indicate a specific transmission point, associated with a subset of the antennas, while the remaining entries of the precoding matrix (corresponding to other, geographically separated antennas) are equal to zero.  By selecting such a codeword, a UE indicates that transmission from the corresponding transmission point is preferred.  
The above codebook structure is relevant in the context of aggregated feedback, which was discussed extensively as part of Rel-11 CoMP.  However, in the eMIMO scenarios considered as part of this WI, such codebooks are not expected to perform well, simply because they do not take advantage of all available antennas and therefore suffer from reduced beamforming gain.  In our view, it is therefore preferable to focus on block diagonal codebooks as part of the ongoing eMIMO efforts. 

Proposal 4: 
· Focus on a block diagonal codebook structure as part of ongoing eMIMO work. 
2.3 
Evaluation results
In this section we present system-level evaluation results for the two alternatives listed in Table 1 as well as selected codebook proposals from other companies.  The evaluations were conducted using the simulation parameters listed in the appendix and are mostly in line with the agreed assumptions. 
The results shown in Table 2 illustrate that Alt-1 and Alt-2 (cf. Table 1) perform similarly; Alt-1 is better at median and mean whereas Alt-2 performs slightly better at the 5-th percentile.  In light of this similar performance, we prefer Alt-1 because it corresponds to smaller feedback overhead.  The performance gains of proposal [12], which does not make use of beam groups, is noticeably smaller and even shows a loss compared to the performance baseline at the 5-th percentile and median.  In our view, it is therefore desirable to keep the concept of beam groups, which allows refinement of the selected beams on a subband-level. 

Across codebook proposals, the performance gains shown in Table 2 are modest.  Nevertheless, we are open to introducing the new codebook if there is consensus that its specification impact and complexity increase is warranted by the associated performance gain. 
Table 2: Evaluation results. 
	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-8 codebook
	0.989
	1.998
	2.288

	QC, Alt-1
	1.014
	2.5%
	2.066
	3.4%
	2.355
	2.9%

	QC, Alt-2
	1.017
	2.8%
	2.039
	2.1%
	2.346
	2.5%

	No beam groups [12]
	0.954
	-3.5%
	1.974
	-1.2%
	2.306
	0.8%
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Configuration and signaling details 
If a new 4Tx codebook is introduced it should not only be applicable to the PUSCH 3-2 feedback mode mentioned in the working assumption but also to other reporting modes, both periodic and aperiodic.  At the same time, however, it does not seem warranted to remove the existing Rel-8 codebook due to backward compatibility and complexity considerations. 
3.1 
Aperiodic feedback reporting

In addition to the new aperiodic reporting mode, agreed as part of last meeting’s working assumption, we propose to also support the new codebook for other aperiodic reporting modes, e.g., PUSCH 3-1.  From a standardization perspective, this seems straightforward as the total payload associated with the new codebook will remain smaller than the payload for 8Tx CSI feedback supported as of Rel-10.

At the same time, we prefer not to replace the Rel-8 4Tx codebook.  The continued support is motivated by the computational complexity and uplink overhead tradeoff associated with the enhanced codebook.  While the complexity/overhead increase may be justified in some scenarios, the Rel-8 4Tx codebook may strike a better tradeoff in other cases.  

In light of the above tradeoff, we propose to support RRC-configurability of whether to perform CSI feedback based on the Rel-8 4Tx codebook or the enhanced codebook.  In its simplest form, the RRC configuration could consists of a single bit that informs the UE which codebook to use.  For TM10, it is natural to perform this signaling per CSI process. 

Proposal 5: 

· If a new 4Tx codebook is introduced, it should at least be supported for all aperiodic reporting modes. 

· If a new 4Tx codebook is introduced, RRC configuration per CSI process determines whether the UE uses the Rel-8 4Tx codebook or the Rel-12 dual codebook.  

3.2
Periodic feedback reporting
The enhanced codebook may also be used for periodic feedback reporting.  Assuming that a block diagonal structure is agreed for the enhanced codebook, the existing reporting modes for 8Tx CSI reporting could be reused.  In fact, the majority of codebook proposals, consists of fewer bits than used for 8Tx reporting.  The payload associated with enhanced 4Tx feedback reporting therefore fits into the existing ‘containers,’ a property that could be exploited to reduce standardization effort.  
4
Conclusions
Codebook structure
· If an enhanced codebook is supported, adopt Alt-1 shown in Table 1. 
· Reuse the Rel-8 4Tx codebook for ranks 3 and 4 subject to wideband-only PMI feedback. 

· Support beam groups to allow beam refinement on a subband-level. 

· Focus on a block diagonal codebook structure as part of ongoing eMIMO work. 

Configuration and signaling details
· If a new 4Tx codebook is introduced, it should at least be supported for all aperiodic reporting modes. 

· If a new 4Tx codebook is introduced, RRC configuration per CSI process determines whether the UE uses the Rel-8 4Tx codebook or the Rel-12 dual codebook.  
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A 
Appendix

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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