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Discussion
1
Summary

In [1] we proposed a hybrid PMI/analog scheme for improved feedback accuracy. Further results and analysis of the feedback accuracy required for interference nulling are provided in a companion contribution [2] where it is also shown that improved feedback accuracy enables higher MU-MIMO throughput for the same total feedback overhead. 
In this contribution we present further details and extensions of the scheme. The fundamental idea is extended to provide full channel feedback and further details regarding how to configure the UE to feed back the un-quantized difference are provided.
2
Feedback Reduction 
In [1] it was assumed that for N-antenna eNB N channel resources are needed to feed back the un-quantized rank-1 element-wise difference E=
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The assumption that N channel resources are needed to feed back the un-quantized delta for N antenna eNB can be relaxed by noting as in [3] that the quantisation error vector lies in the vector space orthogonal to the quantisation vector. 
Hence only N-1 resources are needed to carry N-1 un-quantized feedback values translating into substantial savings for N=2 and 4 antenna eNB.

Specifically, we transform the un-quantized element-wise difference E=
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-Q (see [1] for definitions) into a new unitary basis that contains the quantization vector 
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as one of its vectors. As an example we can use a Householder transformation to create such unitary basis. Noting that the Rel-8 codebooks are based on Householder transformation we can simply use the Rel-8 rank-4 codebook [4] denoted here 
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We transform 
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and feed back the last three elements. The first element of 
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is a real and negative number (see illustration in fig1 of [5]) that can be estimated at the eNB using the equation 
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 An added benefit of this scheme, beyond the reduction in channel uses, is a small reduction in signal energy per channel use which enables slightly higher boosting and hence reduced decoding error at the eNB.

We ran MU-MIMO simulations using the approach described in [1] and the results show similar performance with feedback of 
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as with feedback of 
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but with reduced feedback overhead. 

Similarly the rank-2 feedback overhead can be reduced by two. However in this case the orthogonality of the singular vectors can reduce the feedback overhead by one more element. The savings are substantial for N=2 or 4 antennas.  

3  
Extension to Full Channel Feedback 
While the discussion in [1] focused on augmenting the PMI to provide more accurate precoders, it is natural to use the same idea to provide full channel feedback. The main difference is the inclusion of the channel singular values which provides more accurate information of the null space.

Two approaches, namely feeding back the average channel H or the average transmit correlation matrix R were discussed before with overhead calculation in [5].   

While the overhead of feeding back R grows quadratically with the number of antennas at the eNB, and hence renders this approach less practical than feeding back H for eNB with 8 antennas or more, it is practical for the important cases of 2 and 4 antenna eNB.
Our proposal is to feed back the following un-quantized matrix difference between the approximate transmit correlation matrix using the fed back PMI and the actual transmit correlation matrix as calculated by the UE:
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 where 
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is the fed back PMI of any rank, and
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is a, transparent to the eNB, real positive number used by the UE to minimize the norm (e.g. Frobenius) of E. 

The eNB receives 
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and E and reconstructs
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It is possible to show that the gain
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that minimizes the Frobenius norm is given by 
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Two and eight complex numbers are fed back for 2 and 4-antenna eNB.

As in [1] the elements of E have very low average norm enabling boosting to improve the decoding reliability at the eNB.
Note that while full channel feedback can be classified as explicit, our proposal here still falls in the category of implicit feedback since the UE calculates the CQI,PMI and RI as in Rel-8 and augments it with E calculated using the fed back PMI.

 The eNB can instruct the UE to send a delta relative to its preferred precoder or a delta relative to R. 
Given the increased overhead of feeding back R it more likely that feedback of delta relative to R will be used only if the UE reported rank 2 PMI.
4
When to Feed Back E
In [1] we presented a hybrid digital analog feedback scheme whereby a PMI report is augmented with an un-quantized feedback of the delta between the codebook matrix indicated by the fed back PMI and the UE preferred precoding matrix.

 It is envisioned that the eNB may decide based on several parameters such as scenario (SU/MU-MIMO, CoMP), UE geometry, UL traffic and other factors whether to instruct the UE to feed back the un-quantized delta and in what manner.
We provide here a non-exhaustive list of several possible approaches. The approaches could be used separately or together:

1. Scenario – E is fed back for interference nulling applications.
2. Geometry – E is fed back only if the UE is above a certain geometry.
3. Frequency – E is fed back at a lower frequency than PMI. As an example, E is fed back every other PMI report.
4. Best-M – E is fed back for the same subbands used for CQI reporting in Mode 2-2 [6]. 
Note that the discussion here applies to both options namely feedback of E for improved precoders and feedback of E to generate R.
5 
Conclusions and Recommendations

We have provided more details for our proposed hybrid PMI/analog feedback. In summary, the proposed scheme:  
1. Enables implicit feedback with efficient improved precoder feedback accuracy or full channel feedback. 

2. Provides theoretically unbounded feedback accuracy without the need for multiple codebooks.
3. Provides a simple and flexible uplink overhead and downlink throughput tradeoff.
4. Enables the eNB to take advantage of successive feedback report to improve the decoding accuracy

5. Works seamlessly either with existing rel-8 PMI reporting or with potentially improved Rel-10 codebooks.

6. Conforms to LTE self-contained feedback agreement.

We recommend that RAN1 consider candidate solutions for improved PMI feedback based on hyprid feedback.
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