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1. Introduction
In RAN1#59bis, the importance of enhanced MU-MIMO operation in Rel-10 was agreed and the importance of improved/enhanced spatial feedback accuracy was particularly noted (see underlined wording from the Chairman’s notes below). 
Way forward for feedback enhancements in support of enhanced downlink multi-antenna transmission:

· SU-MIMO is supported

· Release 8 type of feedback will be extended for 8 Tx antenna configurations
· CQI/RI are computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 

· Use of other types of feedback are not precluded

· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO.

· Enhanced MU-MIMO is supported
· The enhancements are in relation to feedback
· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation
It was also widely recognized that the quantization error in Rel-8 PMI-based feedback indeed limits the enhancement of MU-MIMO operation and therefore company efforts to reduce such limitation/impact was noted in the chairman notes below: 
· Aim to converge on a method(s) to reduce impact of quantization error in PMI-based feedback.
In this contribution, we discuss methods for improving Rel-8 PMI-based feedback, either as a single-component or a multi-component feedback scheme. The latter seems to be a viable concept based on which convergence may be achieved eventually. Different flavors of multi-component feedback will also be discussed in an effort to allow fair comparison to be conducted in the future. 
2. Concept of Multiple Components Spatial Feedback 
In this section, we classify spatial feedback concepts proposed so far as single-component feedback and multi-component feedback to proceed with the discussion aiming for future convergence. A detailed description of these two concepts is:

· Single-Component Spatial Feedback has these characteristics

· A single component is fed back to represent the entire spatial information (i.e., a single type of representation)
· Multiple reporting of the single representation is certainly allowed, but the feedback is derived assuming no relationship/dependency between multiple reporting (note that eNB can certainly combine multiple reporting as “no-dependency” is from the perspective of how feedback is computed or derived).
· Spatial information feedback can certainly depend on other non-spatial information feedback (e.g., CQI)

·  Multi-Component Spatial Feedback has these characteristics

· Multiple components are fed back to jointly represent the spatial information (i.e., multiple types of representation), with the components complimenting and being dependent on each other 
· Different components may have different reporting configuration (e.g., periodicity) 

· UE derives the feedback components with well-defined relationship or dependency as specified in the standards. Again, the definition is from the perspective of how the feedback components are derived. A single or a subset of the components may be still useful to eNB, but it is an eNB implementation issue.
We will use some examples to further illustrate the two classifications.
2.1. Examples of single-component spatial feedback  

A few examples of single-component spatial feedback are:

· Rel-8 PMI: It includes multi-rank PMI reporting (i.e., PMIs under different rank hypothesis/constraint), as long as the UE does not need to derive one PMI reporting based on another PMI reporting.  
· Spatial covariance matrix feedback or its dominant eigenvector(s): If two or more dominant eigenvector are reported, joint single-component feedback can be used. But if they are reported as separate components, it will be classified as multi-component feedback since the UE, when deriving the feedback components, clearly knows the relationship between these components (e.g., first strongest eigenvector, second strongest, etc.) 
· Multiple Description Coding (MDC): The derivation of one PMI reporting does not depend on another PMI reporting, even though different codebooks can be used in different PMI reporting and multiple reporting can be combined at eNB [11]
Rel-8 spatial information feedback, in the form of PMI, has been considered as a UE recommendation of the actual beamforming weights that the eNB should use assuming SU operation. However, PMI can be deemed by eNB as a kind of low-rank approximation/compression of the spatial information, for example, spatial information characterized by the covariance matrix as R=v*v^H, where “v” is the beamforming matrix/vector as represented by the PMI. Note that PMI is not exactly chosen as the closest approximation of the subspace in “R”, even though such suboptimal procedure to derive PMI may be often found accurate. In theory, UE should factor in the receiver processing assuming the PMI feedback is used at eNB. The optimal PMI selection process involves search of the entire codebook with hypothesis test that considers receiver processing. It is well recognized that the “full” spatial information (e.g., all the subspace information conveyed by “R”) offers superior MU-MIMO system performance [2] and operational flexibility to eNB (e.g., beamforming and scheduling flexibility and support for higher order MU-MIMO [3]). 
A straightforward approach is to have the covariance matrix or eigenvector(s) quantized element-wise to improve accuracy of spatial information. However, the overhead associated with such “R” feedback is higher than that for vector quantization, which could be a concern when frequent feedback is configured.
On the other hand, to improve accuracy of spatial information feedback that is based on PMI or vector quantization, either a large codebook (e.g., for PMI based feedback) or multiple codebooks (e.g., in MDC) can be defined. The idea is to define finer vector quantization to approximate “R” better. However, codebook of larger than 6 bits can make the PMI search much more complex in practice. Yet the quantization error associated with 6-bit codebook is still too large to allow eNB to derive MU-MIMO beamforming vectors that result in minimal inter-UE interference. 
2.2. Examples of multi-component spatial feedback  

The observation that accurate and full subspace information contained in “R” can bring significant enhancement to PMI-based MU-MIMO prompts the search of various feedback methods to bridge the gap, while at the same time easing the concern of high overhead associated with full “R” feedback. Many of the proposals can be classified as multi-component feedback:
· Augmenting Rel-8 PMI feedback with additional PMI feedback (e.g., “best companion” or “worse companion” PMI list [4]). 

Intuitively, best companion PMI conveys the information of null subspace, i.e., subspace orthogonal to the dominant signal subspace(s) of the reporting UE, while worst companion PMI clearly relates to secondary, but still significant, signal subspace. 

· Separate feedback of dominant subspaces, instead of just the strongest one, as well as their corresponding eigenvalue relationship [5]
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The idea is to increase the dimensionality of subspace feedback to improve accuracy. As mentioned above, UE clearly knows that there is a relationship between the different feedback components.  

· Adaptive codebook [7]
By feeding back a covariance matrix which is used to transform the codebook according to a specific way defined in the standards, the PMI quantization error can be reduced since it quantizes a smaller signal subspace (i.e., confined by the covariance matrix). If the covariance matrix is fed back on a long term basis, the feedback overhead can be reduced. 
· Multi-granular precoder
A particular form of using two PMIs was proposed in [8], where either a Kronecker or matrix-multiplication relationship was defined between the two PMI.
· Differential codebook

It is typically a procedure to progressively improve the quantization of the vector subspace, given the subsequent refinement is constrained as the subspace orthogonal to what is fed back previously [9]
· Kronecker decomposed covariance [10]
To reduce feedback overhead of a covariance matrix for a cross-polarization antenna configuration, one can decompose the covariance matrix into two Kronecker components. Separate quantization can take place before feedback and UE of course must know the relationship between the two components  

3. Discussion of Multi-Component Spatial Feedback 

Many company noted the possibility of configuring different reporting periodicities for different components. As an example, spatial information (e.g., covariance matrix) related to the subset of antennas that are more correlated often changes slowly and thus suitable for larger periodicity. Such configuration will also ease the overhead concern while allowing high-accuracy quantization of the “long-term” component of the spatial information.

The other component that may require more frequent feedback (e.g., frequency selective feedback corresponding to different subbands) can use more overhead compression. In the case of Rel-8 PMI extension, it is natural to base that feedback component on Rel-8 PMI.

What can be envisioned in the standards specification for multi-component feedback consists of:

· one component (e.g., Rel-8 PMI representation and the associated codebook)
· other components (e.g., another representation of the spatial information associated with a non Rel-8 codebook)
· Specification text that only defines the relationship between the components (i.e., how the precoder is constructed from the components). The relationship between components in precoder construction is used by UE to derive these components assuming the constructed precoder is used at eNB.
· Multiple relationships may be defined according to eNB antenna configurations, in which case configurability is desirable
· Reporting configuration may be different for different components (e.g., periodicity, PUCCH/PUSCH) 

Obviously, to compare the different multi-component schemes, the above elements need to be defined in any proposal.  
Note that multi-component spatial feedback is defined and tested in the same way as in Rel-8, since the multiple components need only to be defined by specifying how they are used together to construct the precoder. The precoder, just like Rel-8 PMI, has an associated CQI feedback defined based on BLER. Therefore, testing of the multiple-component feedback and CQI is no different than the Rel-8 PMI or CQI test.   
4. Conclusions
In this contribution, we discussed methods for improving Rel-8 PMI-based feedback, either as a single-component or a multi-component feedback scheme. The latter seems to be a viable concept based on which convergence may be achieved eventually. 
Key aspects of multi-component feedback are:

· Dependency/relationship among feedback components must be defined in the specification and known at UE when feedback is derived

· The relationship/dependency is defined as how the components are used together to construct a precoder that can be assumed to be used by the eNB

· Multiple construction methods may be specified and configured by eNB

· Reporting configuration may be different for different components 
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