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1 Introduction
To enhance feedback accuracy in Rel-10, a feedback structure [1] was agreed in RAN1#60:
· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands

· That is, two codebook indices together determine the precoder

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties
 In past few meetings, various feedback enhancement schemes were proposed e.g [2-9].  Most of these schemes make use of correlation properties to enhance feedback accuracy.  This contribution provides analysis on double PMIs feedback schemes that have been proposed so far and presents our current views on feedback enhancement.  In this document, we discuss about different types of multi-granular feedback which can fit into the agreed feedback structure.
2 Multi-granular feedback schemes
In general, multi-granular feedback can be expressed as：
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   as stated in [2].  Under this feedback framework, there are different feedback schemes which make use of correlation properties differently.
2.1 Multi-granular feedback for cross polarized antenna configuration
Based on general multi-granular feedback framework, an example of multi-granular feedback with double PMIs structure was presented in [2].  The first PMI targets the long term/wideband beam direction which changes slowly in frequency/time domain in correlated channel while another PMI targets various relativity differences between two polarized direction which changes quickly in time or frequency.
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Figure 1 Multi-granular feedback for cross polarized antenna configuration
This approach can be illustrated in figure 1.  
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 denotes the precoder of the 2Tx or 4Tx beam in the same polarized direction and 
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 denotes the precoder of the two virtual Tx port.  It is similar to Rel-9 in which PMI2 presents a 2x2 precoder in dual layer beamforming.  When it is rank-1, 
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 can be a 2x1 vector.  It can be further described as：
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This approach should be considered in codebook design when it’s low rank or ULA at UE.  For cross-polarized UE antenna, a fixed 2x2 
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may be enough.  There were simulations in some previous studies [10] showing that a fixed precoding matrix is sufficient for Rel-9 beamforming.  Further investigation is needed to study whether it is necessary to have a variable 2x2 precoder.  Another issue with this structure is that a long term and wideband 
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 feedback in uncorrelated channel may not be sufficient even for SU-MIMO.  This structure is only good for beamforming setup if 
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 is long term/wideband feedback. Moreover, we think the bottle-neck of MU performance is the feedback accuracy of 
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This approach can be a good example of multi-granular feedback which matches structure of DP antenna configuration but further study is required to see how this can be applied to various channel scenarios.
2.2 Multi-granular feedback based on adaptive codebook
Adaptive codebook technique has been discussed in various papers[7][9].  Long term channel covariance matrix R is fed back to transform the base codebook.   This operation can be seen as compressing a base codebook to another space.  R can be quantized by using vector quantization.  If the first two eigenvectors are quantized to represent R [8], the transformation operation can be seen as compressing all the codewords of the base codebook to a complex plane 
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.   This transforms the base codebook
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 to an adaptive codebook 
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. Comparing with base codebook, adaptive codebook quantizes spatial feedback more efficiently as 
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 quantizes a lower dimensional space based on the spatial correlation.   This can effectively increase the feedback accuracy.   If the channel covariance is fed back based on a codebook,  PMI can be used so that it can fit into the multiple PMI structure.    In this case, 
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 represents R which is long term/wideband information.  
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  represents a codeword of the transformed  codebook
[image: image18.wmf]adap

C

  which captures short term/subband channel variation.  Since this adaptive feedback scheme makes use of  long term spatial correlation properties, the gain of this scheme is expected to be reduced in less correlated environment.
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Figure 2 Adaptive Codebook
2.3 Multi-granular feedback based on differential codebook
Various papers [3][4] discussed differential feedback schemes with multiple PMIs.  Figure 3 illustrates how this differential   scheme fits into the multiple PMI structure.  
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represents a codeword of a base codebook which can be fed back in long term and/or wideband.   
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can be a short term and/or subband feedback.  It is based on a differential codebook which tracks the channel variation in time/frequency.   
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can be a rotation matrix[3] or other forms [4].  This approach performs successive refinements of quantization by taking advantage of correlations in the time/frequency domain.  It is an efficient way to increase feedback accuracy as differential codebook only quantizes the channel change.   However, one possible issue of differential codebook is error propagation.  This can be taken care by regularly resetting the feedback to be based on a base codebook (i.e. 
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).   There is a trade-off between this reset interval and overhead cost.  
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Figure 3 Illustration of differential codebook feedback scheme
3 Unified framework for multi-granular feedback
3.1 Multi-level codebook - unification of adaptive codebook and differential codebook
There are some similarities between adaptive codebook and differential codebook.  Multi-granular codebook with multi-level structure proposed in [5] can be one way to unify these two schemes.  Figure 4 illustrates the concept of using 2 level codebook:
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Figure 4 Illustration of two-level codebook feedback scheme
Rel-8 codebook can be re-used as the base L1 codebook corresponding to
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 which targets the principal eigenvector of channel covariance matrix.  There are two approaches to generate L2 codebook to do refinement depending on the channel correlation.  

Approach 1: If   
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denotes one of the last 8 codewords in Rel-8 codebook,  there are two steps to construct the L2 codebook.
Step1: Compress all of (or part of)  Rel-8 codewords 
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 into a small spherical cap with a radius 
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.   
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 denotes the codebook after compression .  It can be done by simple matrix product as shown below:
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 is one of the Rel-8 householder matrices. 
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 can be fixed or adaptive based on the channel covariance matrix. In this sense, it is similar with the adaptive codebook.  The center of the spherical cap is  
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Step2:  Rotate 
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  such that 
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is at the center.  The rotation matrix is the Householder matrix corresponding to PMI1 index.   
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is transformed to
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  by the following operation to form the L2 codewords around the main direction corresponding to PMI1:
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 Approach2: If  
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 denotes one of the first 8 codewords in Rel-8 Codebook, we can construct the L2 codebook again by a matrix product operation:
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This is equivalent to increasing the granularity of DFT precoders.  

These steps are very simple with low complexity.  It also reduces the searching complexity.
For adaptive codebook, overhead of feeding back channel covariance R can be high or quantization error can cost some performance degradation.  Instead of feeding back a matrix, we can feed back one vector (from Rel-8 codebook) to reduce overhead cost.  In additional to that, we can do refinement just like the idea of differential codebook.  One difference between differential codebook and this multi-level codebook idea is the base.  If differential codebook is done in time, transformation is applied to the differential codebook in the previous time instant.  On the other hand, transformation is always applied to one base codebook (i.e. Rel-8 codebook) for multi-level codebook.   This avoids the error propagation issue.

For long term/short term or wideband/subband division, we can feed back L1 PMI (from Rel-8 codebook) as a long term/wideband feedback as illustrated in figure 4.  And then we do refinement based on the L2 codebook to track the short term/subband channel variation.   It is similar with both adaptive codebook and differential schemes.   It is shown in [11] that significant gain can be achieved with this 2-level codebook feedback scheme with low overhead.

3.2 Application of multi-level codebook in cross polarized structure
Multi-granular feedback discussed in section 2.1 only fits into the cross polarized structure.  It doesn’t enhance the feedback accuracy.   To increase the feedback accuracy, multi-level codebook can be applied to the long term beamformer as shown below.  
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In this case, 
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and 
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are the same as the dual-PMI’s of the 2 level codebook.  K is a fixed 2x r matrix where r is the rank.  We believe this structure can enhance MU performance. 
4 Conclusion
In this contribution, we discuss about different types of multi-granular feedback.   There are some similarities among these multi-granular feedback schemes.  We propose a multi-level codebook scheme as a unified framework for multi-granular feedback.  
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