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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 propose candidate codebooks that extend the dual-stage design principle from 8Tx to 4Tx.  Further, we reiterate our proposal to introduce MU-CQI feedback to improve MU-MIMO operation.  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 contribution, we propose a class of codebooks that extends the dual-stage design principle of the 8Tx codebook to the 4Tx case.  While further evaluations are needed to strike the best-possible tradeoff between downlink performance and uplink overhead we propose to focus on this codebook class going forward such as to narrow down the scope of the required evaluation. 
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

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) assumed 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. 
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]. 
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
	16
	2
	1
	16
	2
	4bits
	3bits

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

	
	2
	32
	4
	2
	16
	2
	4bits
	4bits


At this point, we have a slight preference for Alt-1 which keeps the same GoB oversampling factor as for 8Tx.  It further reduces the W2 payload by 1bit which is beneficial from an overhead perspective.  Further evaluations are necessary, however, to confirm this preference. 
Proposal 1:

· If an enhanced codebook is adopted, focus on either of the alternatives 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

Configuration and signaling details 
If a new codebook is introduced for 4Tx it should not only be applicable for 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, it does not seem desirable to remove the existing Rel-8 codebook entirely due to backward compatibility and complexity considerations.  While the new codebook may improve performance in certain scenarios such improvement comes at increased UE complexity and feedback overhead which may be acceptable in some scenarios but not others. 
To resolve the above issue, we propose to allow configurability between the legacy Rel-8 and the new Rel-12 dual codebook for 4Tx.  The UE could be configured through RRC signaling with which codebook to use.  In case of TM10, it seems natural to perform such configuration per CSI process. 
Proposal 3: 

· If a new 4Tx codebook is introduced it should be supported for both periodic and aperiodic feedback 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
MU-CQI feedback scheme
CSI feedback in LTE is computed under the assumption of SU-MIMO operation.  Although support for improved MU-MIMO operation was added in Rel-10, e.g., in terms of dynamic switching between SU- and MU-MIMO operation, the network is required to extrapolate CQI values reported by the UE to account for inter-user interference.  Inevitably, this leads to larger CQI inaccuracy than for SU-MIMO which negatively affects link adaptation performance and diminishes the achievable MU-MIMO gain. 
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	Figure 1: Illustration of the proposed MU-CQI feedback scheme


MU-CQI feedback can be considered either separately or in addition to the codebook enhancements discussed in the previous section. Providing feedback of CQI under an MU-MIMO assumption (“MU-CQI”) was considered in Rel-10 and has the potential for noticeable performance gain [4].  A fundamental issue in specifying MU-CQI is to determine what precoding assumption should be made for the co-scheduled layer.  This paper proposes to feed back more than a single MU-CQI such as to provide MU-CQI values under various co-scheduling assumptions.  At the network, this obviates the need to extrapolate CQI at least partially and thus improves link adaptation.  The additional overhead associated with providing multiple MU-CQI feedback values can be alleviated by encoding the MU-CQI as a wideband offset relative to the subband SU-CQI provided as part of regular aperiodic feedback reporting.  
The proposal presented in this paper is summarized in Fig. 1.  A UE configured with MU-CQI reporting provides CSI feedback under a regular SU-MIMO assumption (as today) and additionally provides a set of K MU-CQI values which are encoded as wideband offset values relative to the rank-1 SU-CQI.  Each of the K MU-CQI values assumes that the desired layer consists of the rank-1 PMI (as the desired layer) and one interfering rank-1 PMI (as the co-scheduled layer).  The precoder assumption associated with each hypothesis is known to both network and UE (e.g., by specification or through signaling).  Note that the set of hypotheses may depend on the index of the selected desired rank-1 PMI.  From an overhead perspective, the MU-CQI’s encoding as a wideband offset allows the configuration of larger values of K. 

Figure 1(b) also captures the case in which the UE provides rank-2 SU-MIMO feedback.  In this case, it is assumed that an additional rank-1 PMI is conveyed to the network, together with a wideband rank-1 CQI that serves as a reference for the offset MU-CQI values.  As these additional parameters are conveyed wideband, the additional overhead associated with them remains acceptable.  Further optimizations could be considered, for example along the lines of unified feedback.  
A crucial aspect of this proposal is the simultaneous feedback under several MU-MIMO hypotheses.  A typical value for K could be on the order of 8 or more, which provides valuable information that the network may exploit for making MU-MIMO pairing decisions.  As described earlier, the use of wideband-offset encoding of the MU-CQI helps to alleviate the overhead increase.  In fact, the overhead increase with K=8 hypotheses is similar to the overhead increase between PUSCH 3-1 and PUSCH 3-2.  The feedback of many MU hypotheses is in contrast to proposals that employ multiple CSI processes to obtain additional MU-MIMO hypotheses.  Such standard-transparent proposals suffer from the shortcoming that separate CSI processes lead to increased reference signal overhead and duplication of redundant CSI information.  
MU-CQI feedback can be supported based on either the Rel-8 4Tx codebook or an enhanced dual codebook, if introduced.  In the latter case, the K MU-CQI hypotheses may likewise defined by a mapping from the PMI associated with the UE’s desired layer to a subset of the codebook that defines the K hypotheses.  For example, such a mapping could be based on only the first PMI if the networks separates co-scheduled UEs primarily based on different beams from the C1 codebook.  
Proposal 4: 

· Support MU-CQI feedback for improved MU-MIMO pairing at the network. 

· Employ wideband-offset encoding to reduce the MU-CQI overhead. 

· MU-CQI feedback can be supported with either Rel-8 or enhanced 4Tx codebook.  

4
Conclusions

Codebook enhancements for 4Tx
· If an enhanced codebook is adopted, focus on either of the alternatives in Table 1. 
· Reuse the Rel-8 4Tx codebook for ranks 3 and 4 subject to wideband-only PMI feedback. 

· If a new 4Tx codebook is introduced it should be supported for both periodic and aperiodic feedback 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.  

MU-CQI feedback scheme
· Support MU-CQI feedback for improved MU-MIMO pairing at the network. 

· Employ wideband-offset encoding to reduce the MU-CQI overhead. 

· MU-CQI feedback can be supported with either Rel-8 or enhanced 4Tx codebook.  
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A 
Appendix

Two data files are attached to this contribution, “alt1.mat,” and “alt2.mat,” which respectively contain the codebooks proposed in this contribution.  Each data file contains two data structures, “C1” and “C2,” which correspond to the C1 and C2 codebook, respectively.  The i-th codeword of the codebook corresponding to rank r is given by C1{r}{i} and C2{r}{i}, respectively. 
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