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1 Introduction

The double-codebook based implicit feedback framework was agreed for Rel-10 in RAN1#60[1]
· 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

Additional refinements on the feedback framework were agreed in RAN1#60Bis [2]

· A precoder W for a subband is a function of two matrices W1 and W2, i.e. where W1 ( C1 and W2 ( C2. The codebooks C1 and C2 are codebooks one and two, respectively.
· W1 targets wideband/long-term channel properties

· W2 targets frequency-selective/short-term time channel properties

· For PUCCH, the feedback corresponding to W1 and W2 can be sent in different or the same subframe (unless it turns out that the payload is too large to ever send W1 and W2 in the same subframe on PUCCH).

· Periodic and aperiodic reports are independent

· For PUSCH: FFS

· FFS whether feedback corresponding to W1 and/or W2 may be switched off

In this contribution, we will summarize the previously proposed rotation-based differential feedback double codebook extension of Rel-8 type of feedback, which can be used for performance improvement or overhead reduction for SU/MU-MIMO, and we will discuss the trade-offs between reporting W1 and W2 in the same or different subframes using PUCCH, or in PUSCH. 
2 LTE R8 full rank codebook as the rotated Hadamard matrices
The LTE R8 4Tx full-rank codebook was constructed using Householder reflections and the n-th precoding matrix can be given by 
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 where I is the 
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 is given by Table 6.3.4.2.3-2 in TS 36.211 [3]. It can be found that the 16 precoding matrices can be rewritten as 
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where 
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is a diagonal matrix of order 4, 
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is a normalized Hadamard matrix of  order 4, 
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are the indices associated with n. the diagonal elements of 
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 consist of phase shift factors, so the precoding matrix is equivalent to(by the phase ambiguity property of eigen-value decomposition of channel covariance matrix, also referring to “precoding equivalence relation” in [4])
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Note that the Hadamard matrices can match with the eigenvector model of dual polarized channels [5,6] and the array response model of uniform linear array but in coarse granularity. The diagonal elements in 
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 and result in a finer spatial quantization. The mapping table of 
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 associated with the rotation angles can be found in Appendix A. 

The above principle can be used to 8Tx antenna configuration and constant modulus codebook (an example: 
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) can be obtained, which is impossible for Householder-based method [4].
3 Rotation-based differential feedback
Further investigation shows that any precoding matrix in Table A.1 can be obtained from the others by a diagonal matrix. However, the rotation angle between the column vectors is greater than 
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, which implies that the angle spacing of the spatial quantization cannot be less than 
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 using the above codebook. For adjacent feedback in frequency or time domain, the rotation angle can be less than
[image: image26.wmf]4

p

. The finer spatial quantization, e.g.,  
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 angle rotation,  can be obtained without increasing feedback overhead exploiting channel correlation, which has already been used for CQI overhead reduction in R8 by feeding back a wideband CQI and differentially encoded subband CQI. 
It also makes sense to consider the differential feedback scheme in frequency domain.A differential feedback method based on the above rotation principle has been described in [7]. Based on the differential feedback, the precoding matrix recommended by UE can be written as
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where the dual indices (r,b) are used to indicate the differential precoding matrix 
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 and the base precoding matrix 
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 can be from 4Tx codebook in LTE-A and matrix  
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 is a diagonal matrix used to rotate matrix 
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 to track channel variation in adjacent feedback, e.g., 
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 form a differential codebook and base book, respectively. This double codebook structure can be further referred to contribution [8]. A simple but efficient differential codebook (DC) example for 4Tx is given in appendix B and performance evaluation can be found in [9].
4 Discussion on Feedback
Decision on the reporting mechanism for W1 and W2 is related to the wideband and subband nature of the CSI carried in W1 and W2, if such distinction is to be made. It is recognized that fitting the wideband matrix index and the subband matrix index in the same PUCCH report may be difficult if we aim for a higher resolution codebook than Rel-8. Looking at separate reports for the wideband matrix index and the subband matrix index makes sense, considering the intrinsic longer-term statistical nature of the channel state information carried in the wideband matrix, relatively to the subband matrix.

Details of the feedback mechanism involve decisions on:

· Periodic PUCCH and/or aperiodic PUSCH reports

· Note that PUSCH reports may be periodic as configured by the eNodeB via DL grants

· Self-contained and/or separate reports

Such decisions have impact on the performance, overhead and PMI search complexity, as well as on the standardization efforts. In this contribution, we share our views on these issues.
The double codebook framework poses new challenges to the design of the feedback mechanisms for closed-loop MIMO. The separation of the PMI into two indices requires a new design for the feedback of these two indices. Even though the primary intent of the separation is to take advantage of the physical properties of the channel to improve the granularity of the precoder in a computationally efficient manner, the same physical properties can be exploited to additionally design spectrally efficient feedback mechanisms.

4.1 Feedback reporting period
The design of the feedback mechanism intends primarily to provide an efficient quantization of the channel state information in the space, time and frequency domains. The granularity of the quantization is traditionally captured in the codebook for the spatial domain, in the subband size for the frequency domain, and in the feedback period for the time domain. Such design should avoid redundant reports. A typical example of such requirement is in the configurable reporting period of the PMI, which is adjusted according to the UE velocity. It would obviously not be desirable to report the PMI too frequently relatively to the rate of channel variations. As such, it is natural to define different reporting periods for long-term and short-terms statistics of the CSI, as long as the coherence time of these statistics are different.
Observation:

· CSI redundancy should be avoided in feedback reports

Proposal:

· In case of periodic reporting in PUCCH, the long-term CSI and the short-term CSI reports can be configured to different periods.
4.2 Codebook search complexity
The separation of the PMI into two indices provides a computationally efficient way for the UE to search for the preferred precoder in the codebook. Sequentially searching a first index in an N1-bit codebook and a second index in an N2-bit codebook is considerably less complex than searching for a single index in an (N1+N2)-bit codebook, for the codebook sizes envisioned for Rel-10. So the separation of the codebook in two parts is an efficient way of increasing the codebook size while limiting the increase in computational complexity. Further reductions in the computation complexity should however not be ignored. Rank nested property, as well as constant modulus and finite alphabet codebook elements have also been quoted for efficient computation and could be considered as long as they do not unreasonably impair the performance. 

The updating rate of the long-term and short-term components should also be considered in the study of computational complexity at the UE side. Updating the long-term and short-term components of the codebook simultaneously would result in unnecessary increase of PMI search complexity at the UE, considering the previous observation that the long-term CSI updating and reporting periods should in general be longer than for the short-term CSI. Since an update of one CSI component by the UE may be assumed by the eNB whenever that component is reported, the eNodeB would need to update the overall codebook at every report if the long-term CSI was reported simultaneously with every short-term CSI report. This is in contrast to updating only the short-term component, i.e. a codebook subset, if the long-term CSI is not systematically reported simultaneously with the short-term CSI.

Let us assume simultaneous reporting of a wideband index and a subband index at every short-term feedback period.  With the addition of a subband index and a subband CQI, this would be a self-contained report (ignoring the separate rank indication). Let us further assume that the wideband PMI may be updated by the UE at every report. In effect, the UE may search for the best two indices to prepare every short-term report. It is in fact an implementation choice at the UE. The UE would most likely still take advantage of time correlations and the long-term nature of the wideband CSI in order to search for the wideband PMI only occasionally, e.g. after finishing reporting the subband PMIs for all bandwidth parts or before reporting an updated rank indicator. The UE may in fact prepare all the reports for all the bandwidth parts at the same time, while transmitting the reports in a time-division manner as defined in [3]. Therefore, the assumed simultaneous reporting mechanism would result in successive reports of the same wideband index, leading to inefficiency (redundancy) in the overhead.

Observation:

· Reporting of long-term and short-term CSI with different periods results in computational savings at the UE and eNodeB

Proposal:

· In order to exploit the separate codebook search property of the two codebooks for containing the UE search complexity to reasonable levels, the long-term CSI should not be updated as often as the short-term CSI.
4.3 Robustness to feedback errors
The definition of a PMI as a combination of two separate indices introduces some challenge for coping with feedback errors. If only one of the two indices is in error, then the overall PMI cannot be recovered by the eNodeB. If several reports of the second indices are occurring between two consecutive reports of the first index, then a feedback error on the first index would invalidate several reports of the second index. This discussion looks into whether or not the report of the matrix indices representing the overall PMI should be self-contained in a single report.

Possible solutions to cope with this problem:

· Simultaneous transmission of the first index with every report of the second index

· As observed above, this leads to inefficiency in the feedback overhead and in the computation complexity. This transmission may just be a repetition, although this cannot be assumed by the eNodeB.

· This may be an acceptable solution for aperiodic reports carried in the PUSCH.

· Better protection of the first index by a more robust FEC

· By separating the reports for the first and second matrix index, a more robust FEC encoding rate could be provided for the report of the first matrix index.
· Note that in Rel-8, this principle is used for reporting the rank indicator (2 bits in PUCCH) separately than the PMI/CQI that are sent in more frequent and larger PUCCH reports. Completely self-contained reports do not exist in Rel-8 PUCCH reporting modes.
· HARQ on the transmission of the first index

· Although this feature could be technically feasible, it would require considerable re-design of the current specifications for the PUCCH.

· Possible mismatch between overall PMI assumed by UE and overall PMI assumed by eNodeB.
Observation

· As long as it is well protected, long-term information matrix index could be reported in PUCCH separately than the short-term/subband matrix index.
Proposal:

· The feedback of the first matrix index corresponding to long-term/wideband information can be sent in PUCCH reports with a better protection than the second matrix index report in PUCCH.
5 Conclusion

In this contribution, rotation-based differential feedback is shown to be an elegant extension of Rel-8 type of feedback and system level simulation results show that the proposed scheme can have 2bit PMI feedback overhead reduction but still with performance improvement. Based on the discussion we propose the following:
· Rotation-based differential feedback should be supported for LTE-A.
· Constant modulus, finite alphabet constraint and nested property can be preserved for differential codebook.
· Further optimized differential codebook is FFS.
We also discussed the implications of reporting W1 and W2 with the same or different periods when W1 and W2 carry long-term and short-term statistics of the channel state information, respectively. We made some observations and proposals accordingly. We propose that
· In order to exploit the separate codebook search property of the two codebooks for containing the UE search complexity to reasonable levels, the long-term CSI should not be updated as often as the short-term CSI.
· In case of periodic reporting in PUCCH, the long-term CSI and the short-term CSI reports can be configured to different periods. A mechanism could be provided to turn off one of the two reports, so that Rel-8 PUCCH reporting mode 2-1 could be deemed as a special case.
· The feedback of the first matrix index corresponding to long-term/wideband information can be sent in PUCCH reports with a better protection than the second matrix index report in PUCCH.
· To allow for aperiodic reports of the first and second matrix indices in PUSCH.
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Appendix A. R8 full rank 4Tx codebook as the rotated Hadamard matrices

The normalized Hadamard matrices used in Table A.1:
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Table A.1. R8 4Tx full rank codebook decomposition in diagonal rotation matrix and Hadamard matrix
	Rotation angle 
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Appendix B differential codebooks used in simulations
Table B.1 The 2 bit differential codebook 
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