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1. Introduction
According to the agreed way forward for Rel-10 feedback [1], a precoder for a subband is composed of two matrices, one of which targets wideband and/or long-term channel properties, and the other targets frequency-selective and/or short-term channel properties. That is, the overall precoder 
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 is formed by some matrix mapping function 
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 suited to the long-term and/or wideband channel properties and a second matrix 
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 taking care of the frequency selective and/or short-term channel properties. The two codebook indices together determine the precoder. The exact form of the two-stage codebook indices are still open, and need to be addressed in detail. 

[2] gives an overview of the different aspects of the feedback framework that need to be developed. This paper gives some examples of how the two-stage feedback framework for Rel-10 could be implemented in practice. 
Two alternative construction principles for the two-stage precoder design are presented in this T-Doc. The first way is described in section 2, where spatial correlation is used as a basis for the long-term part of the two-stage codebook construction. The second way in section 3 addresses the codebook design from a precoder decomposition perspective, where the first codebook exploits beamforming capabilities from correlated antenna elements, while the second part copes with the fast fading between uncorrelated antenna subsets. 
2. Two-stage codebook construction with spatial correlation based feedback
Spatial correlation aided MU-MIMO has been proposed in many contributions, including [3]. This section discusses how spatial correlation aided MU-MIMO works under the two-stage feedback framework. For this example, our focus is on a co-polarized antenna configuration.
2.1 Two-stage codebook construction
The long-term wideband spatial correlation matrix, averaged over time and frequency, indicates the long-term wideband channel properties. It can be used to generate a new codebook in conjunction with the base codebook, e.g., Rel-8 codebook, to improve feedback accuracy, which is very important to enhance the R10 MU-MIMO performance.
The UE can estimate the long-term wideband spatial correlation matrix based on downlink CSI-RS, and feed back a long-term wideband PMI corresponding to a quantized version of the spatial correlation property with a relatively long feedback interval. 
One way to obtain a suitable estimate of the spatial correlation matrix is to feed back an indicator of a beamforming matrix which is often used to form a beam pattern to a certain UE. Another way is to use a predefined matrix/vector codebook to quantize the spatial correlation matrix; details of a suitable codebook structure can be found in [4]. In fact, whichever form of long-term feedback is used (codebook-quantized spatial correlation matrix or beamforming precoding matrix), the eNodeB can deduce the other. Therefore the exact form of the feedback could be decided more on the basis of appropriateness for specification rather than performance. 
A transformed codebook can be derived by multiplying the base codebook by the transmit spatial correlation matrix. Denote 
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 as the long-term wideband transmit spatial correlation matrix, which can be generated by the feedback matrix index from codebook 
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. Then the overall precoder derivation is as follows:
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where the matrix index 
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 is selected by the UE according to the frequency selective and/or short-term channel properties.
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 is the base codebook which could for example be the Rel-8 codebook (at least for up to 4 antennas). 
Generating the combined codebook W in this way has the advantages of improving feedback accuracy, which benefits both SU-MIMO and MU-MIMO performance. With the long-term spatial correlation matrix and the short-term PMI feedback from a UE, the eNodeB will reconstruct the precoding matrix 
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Some evaluation of this technique can be found in [4].
2.2 Procedure for spatial correlation feedback
In detail, the steps in such a spatial correlation aided feedback scheme are as follows:

1) UE measures the channel and derives the long-term wideband spatial correlation matrix which can be averaged over time and frequency, and then quantizes the correlation matrix from a codebook, or derives a corresponding long-term beamforming matrix. The quantized correlation matrix may be constructed in different forms.
2) UE feeds back (with long feedback interval) a PMI index corresponding to the estimated long-term / wideband correlation matrix. 

3) UE transforms the base codebook according to the quantized spatial correlation matrix.
4) UE selects its preferred precoding vector or matrix from the base codebook such that the CQI is maximised for the corresponding vector/matrix in the transformed codebook generated in step 3. UE feeds back (with short feedback interval) the corresponding short-term narrow band PMI to the eNodeB. The feedback period of the long-term wideband PMI is generally much longer than that of the short-term narrowband PMI.
5) With the two received PMIs, the eNodeB retrieves the precoding vector or matrix which is derived from the short-term narrowband PMI and the long-term wideband PMI fed back by the UE.
6) The eNodeB performs precoding and scheduling based on the information it obtained in step 5. The precoder is implementation specific, relying on the DM RS for the phase reference, but some different possibilities include: 
(a) The eNodeB takes the conjugate transpose form of the retrieved precoding vector or matrix, regarding it as an indication of the effective channel vector or matrix of a UE, and performs ZF-like precoding.
(b) The eNodeB schedules UEs that have orthogonal precoding vectors or matrices as a pair.
7) Every time the UE calculates and feeds back new long-term feedback, both UE and the eNodeB update the long-term part of the overall codebook.

3. Two-stage codebooks created by decomposition into long-term beamformer and short-term unitary part
While the principles of section 3 are applicable to different antenna configurations, we focus in this section especially on the dual x-pol configuration (see Figure 1, left side).

The basic principle of two-stage feedback design described in this chapter is based on composite precoders, exploiting implicit antenna subset correlation in a long-term beamforming precoder and adapting to short-term fading using a unitary precoder.

Note that the precoding weights and the codebooks of sections 2 and 3 are different, although the same variables are used.
An example of the 2-stage feedback framework approach tailored to a dual cross-polarized antenna configuration can be found in [5, 6]. Accordingly, an example realization for the dual cross-polarized configuration could be designed according to the following principles..
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Figure 1 – Antenna configuration

We exploit the implicit antenna element correlation properties contained in certain antenna configurations. 

We distinguish between two different categories of antenna elements: correlated and uncorrelated. Correlated antenna elements are gathered in separate subsets. Between two such subsets there is assumed to be no correlation. If antenna elements have the same polarization direction and are closely spaced we consider them as correlated. 

Design principle for first (long-term / wideband) codebook
As the sub-array elements for each polarization direction are correlated, the optimal linear precoding weight vector depends on the angle of departure properties towards the UE. This direction only changes very slowly. 

Beamforming, i.e. precoding for creating a desired directivity for a calibrated sub-array, can be done as follows:

For a desired beam direction (i of beam i the first complex weight is 1, the second one depends on a phase factor 
[image: image12.wmf](

)

i

j

j

exp

 where it can be shown with k = 2(/( being the wave number and dm the element spacing that 
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This beamforming approach is useful for a particular antenna array element subset: all closely-spaced elements with the same polarization direction.
A set of beams now can be constructed, e.g. covering the angles of departure in a 120° sector.
Design principle for second (short-term / narrowband) codebook
As the different polarizations are uncorrelated, the second codebook takes care of finding the optimal transmit weighting for those uncorrelated subsets. This is done by a principal axis transformation using orthonormalized vectors taking care of the phase rotations of the channel. This results in a unitary matrix.
A starting point for the design can, for example, be based on the Rel-8 2-Tx codebook, optionally with increased phase resolution plus the identity matrix (for rank 2).

Overall Codebook construction

For the example of a dual cross-polarized antenna, as shown in Figure 1 (left), we have antenna 1 and 2 being the sub-array on the first polarization and antenna 3 and 4 the sub-array of the second polarization.  
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 is used to create a beamforming component per sub-array pair in the form:
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The second codebook 
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consists of unitary matrices 
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 for adapting to the uncorrelated fast fading conditions. 
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So for a rank-2 transmission in the SU-MIMO case, with the data symbols 
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[image: image20.wmf]÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

=

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

2

1

22

21

12

11

4

3

2

1

0

1

0

0

0

1

s

s

u

u

u

u

e

e

x

x

x

x

j

j

j

j


An equivalent notation could be realized with the Kronecker product with an appropriately modified codebook
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For high velocities it may be useful to report only the slowly-varying components with 
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 while skipping the 
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 reporting when it becomes less valuable due to high Doppler spreads and practical feedback delays. In the case of rank 1 transmission, an open-loop Alamouti scheme (SFBC) could then be used instead between the two polarizations. In the case of rank 2 transmission 
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 could be set to the identity matrix resulting in a PARC-type scheme with polarization multiplexing.
Extension to 8 Tx elements

The approach of defining a beamforming-kind of codebook with 
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 and a fast phase adaptation with 
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 would also be a very attractive choice for 8-Tx, e.g. in the case of 4 cross-polarized columns. The extensions of the above equation increases the dimension of the long-term beamforming matrix 
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 to 8 rows (so a 8x2 matrix in case of rank 2 transmission), while the same 
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can be used as for the 4 Tx dual-cross-polarized array.
4. Conclusion
This contribution illustrates two basic design approaches for further refining the way forward discussion for the Rel-10 feedback [1]. Section 2 shows a detailed realization example for constructing the overall precoder based on correlation matrices. Section 3 shows a realization example based on composite precoders, exploiting implicit antenna subset correlation in a long-term beamforming precoder and adapting to short-term fading using a unitary precoder.
While the first example was more shown in the light of vertical polarized elements and the second example with cross-polarized elements, both design principles are applicable to any antenna configuration.
The given principles provide the background for further refining the current way forward in two-stage precoder feedback.
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