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1. Introduction
To enable enhanced MIMO operations in LTE-A, the extensions to feedback scheme have been discussed extensively by many contributions. Moreover, as it was agreed in RAN1 #59 meeting that dynamic switching between SU- and MU-MIMO transmissions is possible without RRC reconfiguration; a unified feedback mechanism which supports both SU-MIMO and MU-MIMO should be designed. Based on the discussions and agreement on this issue, the following way forward was agreed in RAN1 #60:
· Implicit feedback (PMI/RI/CQI) is used also for Rel-10
· UE spatial feedback for a subband represents a precoder (as constructed below)
· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource
· Note that a subband can correspond to the whole system bandwidth

· 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

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure

In this contribution, the extensions to Rel-8 CQI/PMI/RI feedback are discussed. The possible feedback schemes based on the agreed way forward are also presented.
2. Extensions to Rel-8 PMI/RI/CQI feedback

Among the proposals [1-4] [6-8] regarding the extensions to Rel-8 PMI/RI/CQI feedback , the enhancements for MU-MIMO are of great interest. As MU-MIMO is sensitive to the accuracy of the CSI at eNB side, one of the key points for MU-MIMO enhancement is to improve the feedback accuracy while still keeping a reasonable overhead. In [1], the concept of PMI based multi-granularity was discussed. The long-term/wideband and short-term/sub-band channel characteristics are reflected by distinct codebooks respectively. The long-term/wideband CSI can be infrequently reported with finer resolution. The short-term/sub-band CSI, on the other hand, can be fed back with reduced dimension and hence improved accuracy. The idea of separating long-term/wideband and short-term/sub-band feedback is also adopted in the adaptive codebook [2] design. Based on the reported channel correlation information, the fixed baseline codebook can be modified adaptively to match the actual channel state. Moreover the correlation of channel state over frequency and/or time domain may be utilized to further refine the CSI feedback without incurring extra overhead. In differential feedback scheme [3] [4] [5], only the differential information is quantized and fed back.     

Besides the dual-codebook based multi-granularity feedback and adaptive codebook, multi-PMI feedback schemes based on single codebook were also presented in some contributions [6] [7] [8]. In addition to the rank-free CSI reporting for SU-MIMO, the supplementary information for low-rank MU-MIMO operation is reported in multi-PMI feedback schemes. With multi-PMI reporting, the feedback mechanism can be simply extended from Rel-8. However, as the enhancement is intended for MU-MIMO only, SU-MIMO transmission can not benefit from the increased feedback overhead. Furthermore, accuracy of UE pairing and MCS prediction are questionable for multi-PMI feedback in non-codebook based DL transmission. 
3. Analysis of potential feedback schemes for LTE-A
As has been discussed in many contributions, it’s suitable to multiplex multiple UEs over the correlated channel dimensions in MU-MIMO transmission. The remaining uncorrelated channel dimensions, if any, may be utilized through allocating multiple layers to each UE. In addition, the SU-MIMO transmission is less sensitive to the feedback accuracy. Therefore the feedback in support of MU-MIMO should be mainly based on long-term channel correlation, while the short-term CSI is essential to spatial division multiplexing in SU-MIMO. 
3.1. PMI/RI reporting
Both the long-term and short-term CSI are considered in multi-granularity feedback and adaptive codebook design. Then the equivalent precoder can be denoted as
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 is some matrix function describing the mapping from the two constituent matrices to the overall recommended precoder [1].  
Based on the above discussion, the following hybrid feedback framework may be considered for LTE-A: 
· For 8 CSI-RS ports: 
· Low-rank (i.e., Rank1-4)
· Alternative1 

· Rank1~2: 
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is the long-term/wideband precoder of size 4×1, and 
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is the short-term/sub-band 2×RI precoder which can be selected from Rel-8 codebook. (1
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· Rank3~4: 
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is the long-term/ wideband precoder of size 2×1, and 
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is the short-term/sub-band 4×RI precoder which can be selected from Rel-8 codebook. (3
[image: image11.wmf]£

RI
[image: image12.wmf]£

4)

· Alternative2

· 
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 is the long-term/wideband precoder of size 4×RI, 
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is the short-term/sub-band 2×RI precoder. 
[image: image16.wmf](:,)

Ak

 denotes the kth column of matrix 
[image: image17.wmf]A

,  and 
[image: image18.wmf]Ä

 denotes the Kronecker tensor product. (1
[image: image19.wmf]£

RI
[image: image20.wmf]£

4)

· Alternative3

· 
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 is the long-term/wideband precoder of size 4×1 which can be selected from Rel-8 codebook, 
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· The 8tx codebook design approaches for alternative2 and 3 can be found in [9].

· High-rank (i.e., Rank5~8):
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is the short-term/sub-band 8×RI precoder which is selected from a newly introduced codebook designed for 8Tx DL-MIMO with rank5~8. (5
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· For 4 CSI-RS ports: 
· Alternative1: simply re-use the Rel-8 codebook, define 
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· Alternative2: 

· Rank1~2: 
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is the long-term/wideband precoder of size 2×1, and 
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is the short-term/sub-band 2×RI precoder which can be selected from Rel-8 codebook. (1
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· Rank3~4: 
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is the short-term/sub-band 4×RI precoder which can be selected from Rel-8 codebook. (3
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· Alternative3: As the adaptive codebook mainly targets rank1 feedback, the precoding matrix
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 for rank1 transmission may be replaced by 
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as well. 
· For 2 CSI-RS ports: 
· Simply re-use the Rel-8 codebook, define 
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The basic idea behind the above framework is to rely more on long-term feedback for low-rank transmission, while utilize instantaneous CSI for high-rank SU transmission.

3.2. CQI reporting
· Alternative1: Rel-8 based CQI reporting
As a simple and natural choice, the feedback mechanism in Rel-8 can be re-used. A UE may report a wideband CQI for each codeword which is calculated with the assumption that the reported equivalent frequency-selective precoder is used in DL. Depending on the reporting mode determined by higher layer, a UE may also be configured to report sub-band CQI values per codeword reflecting the channel quality assuming the use of equivalent frequency-selective precoder over the selected sub-bands. The sub-band CQI can be encoded differentially relative to its respective wideband CQI.

· Alternative2: Enhancement for MU-MIMO CQI reporting
In order to enhance the MCS prediction accuracy in MU-MIMO, both the CQI for SU-MIMO and delta-CQI for MU-MIMO can be reported by UE. With the delta-CQI values calculated assuming the existence of co-scheduled UE, eNB is expected to be able to take the post-scheduling situation into account in the scheduling decision and MCS prediction. However, as non-codebook based transmission is used in DL, the actual precoder utilized could be different from the transmission scheme assumed for CQI reference resources. Therefore the reliability of delta-CQI based adjustment is doubtable. Also the overhead of delta-CQI reporting and its impacts on the existing standardization should be considered carefully.
4. Conclusions
The extensions to Rel-8 PMI/RI/CQI feedback are discussed in this contribution. Based on the concepts of multi-granularity feedback and possibly adaptive codebook, the possible feedback schemes for both low-rank and high-rank transmissions are presented. Considering the sensitivity of MU-MIMO to feedback accuracy and also the practical constraint in feedback channel capacity, long-term/wideband and short-term/sub-band CSI can be fed back with distinct codebooks and different cycles respectively to improve the feedback granularity while still maintains a reasonable overhead. Considering the overhead and impact on existing standardization, re-use of Rel-8 CQI reporting mechanism is desirable.
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