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1. Introduction
The support of unitary codebook-based pre-coding for the E-UTRA MIMO FDD and the concept of preferred matrix index (PMI) feedback were agreed in the previous meetings. It was also decided that the codebook shall be chosen to optimize the performance of SU-MIMO.
In this contribution, we present our views on the codebook design for different MIMO configurations in accordance to the companion contributions [1, 2]. The UE feedback aspect of codebook-based pre-coding is discussed in [3]. 
2. Pre-coder Selection
Given the codebook, the UE will select a pre-coder matrix/vector based on a selection criterion. The chosen pre-coder is then signaled to the Node-B, e.g. by sending the pre-coder index. Different pre-coder selection criteria can be categorized into two groups:

1. Metric-based selection: The pre-coder is selected from the codebook based on a performance metric such as sum throughput, SINR, FER, etc. This typically involves computing the metric for each of the pre-coding matrices/vectors within the codebook. 

2. Quantization-based selection: The pre-coder is a quantized version of the right singular matrix of the channel. In this case, singular value decomposition (SVD) of the channel matrix needs to be performed.

Note that pre-coder selection criterion is UE-specific and cannot be standardized. Hence, the chosen codebook design shall not mandate a certain selection criterion. 
As mentioned in [3], pre-coder selection is essentially tied with rank selection since different transmission ranks are assigned different codebooks. An example of joint rank and pre-coder selection is as follows:

1. Let R = 1, Tmax = 0
2. For each matrix (vector) in the rank-R codebook, calculate the SINRs for each of the R coded streams. The SINR can be calculated as follows: Let H and Rn denote the channel matrix and noise variance matrix respectively. Then, for a precoding matrix V, the SINR of the kth virtual antenna is given by 
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[image: image1.wmf]1

1

,

-

k

k

M

, where M is the matrix

M = (IR + VHHHRn−1HV) −1.
3. From the SINRs, calculate the throughput of each stream. Pick the optimum vector / matrix V(R), namely the one with the maximum sum throughput T(R). Note that the throughput might be summed across multiple resource blocks to get a single preferred rank across RBs. Details are given in [Rank Contribution2].
4. If (T(R) < Tmax), quit. Else set preferred rank = R, preferred precoding matrix = V(R),

5. If R = min(NT, NR), quit. Else increase R by 1.

In the method above, the rank is found by a search starting from the minimum rank, namely one. For each rank, the optimum pre-coding matrix is found by an exhaustive search. The preferred rank is increased as long as the optimum throughput increases. 

From the above, it is clear that computing the optimum rank and codebook is computationally intensive, involving trial of each code matrix across different ranks. Consequently, to minimize the necessary computation, it is desirable to do the following:

i. maintain small codebook sizes
ii. choose code matrices with a structure that simplifies computation of the SINR, and 

iii. choose codebooks for different ranks so that the SINR computation across different ranks can be reused if possible.
3. Codebook Design Principles
In this section, we discuss several aspects of codebook design based on the discussion in Section 2.
3.1. Choice of Codebook Size
In general, the codebook size should be kept sufficiently small to avoid unnecessary increase in pre-coder selection feedback overhead. Increasing the codebook size achieves finer granularity in the choice of the pre-coding matrix, enabling higher throughput. However, when the network load is high, a large pre-coding codebook does not give significant throughput gains, and might even reduce achievable throughput for the following reasons:
· The required number of feedback bits increases with the codebook size. In a heavily loaded network, the total uplink feedback required to support a large codebook size is unacceptably high. Further, the downlink control signaling requirements also increase with codebook size.
· In OFDMA systems, each UE is typically scheduled on frequency bands where the MIMO channel is nearly orthogonal. So no precoding gains are expected with larger codebooks.

Taking this into account, it is preferred to have a flexible codebook size. Periodically, the Node-B signals the codebook size (or some equivalent “code”) to all UEs. This signaling can be done, for example, on the Broadcast channel (BCH) in a semi-static manner. In particular, to minimize the total feedback overhead, a large codebook size would be used for low network traffic loads. For heavy loads, the codebook size is reduced. For example:
· For 2-antenna codebook, 8-element codebook can attain good performance gain [1, 4, 5, 6]. For 4-antenna codebook, 16-element codebook should be sufficient [2, 7]. This can be normative when the network load is high.
· Pre-coding gain can be increased with larger codebooks when the network load is lower. In that case, 16-element and 32-element codebooks can be used for 2- and 4-antenna configurations, respectively. 
The possibility of semi-statically changing the codebook size depending on the channel/deployment scenario should be further studied. Although the size can be variable, the codebook structure should be kept the same.
3.2. Codebook Structure to Reduce Complexity
To simplify rank and pre-coder selection, it is desirable to use codebooks with the following properties
Property 1: Nested Codebooks Property

It is preferred that the precoding codebook for a smaller rank can be derived from the codebook for a larger rank. More precisely, note that the precoding matrix for rank R transmission has dimensions NT ( R. Under the assumption of unitary precoding, the R columns are the matrix are mutually orthogonal NT ( 1 complex vectors. Thus, if a codebook consists of NC matrices, it effectively contains a set of up to NC∙R vectors. Denote this set by S (R). Then, we propose that 

If R1 < R2, then S (R1) ( S (R2).

Property 2: Vector Structure Property

We prefer that the codebooks for all ranks are drawn up using the same parameterized structure. In the next section, we give examples of codebooks which have such uniformly parameterized structures.
4. Proposed Codebook Design 
In this section, the proposed codebook designs are given for 2-antenna and 4-antenna configurations according to the analysis in [1, 2]. The proposed designs fulfill the principles in Section 3.
4.1. Codebook for Two Node-B Antennas

The proposed codebooks for 2-antenna are given in Table 1 (see [1] for further details). Note that full rank pre-coding (2x2 and 4x4) is supported since it is shown beneficial especially with LMMSE receiver (see, e.g. [10, 11, 12]). 
Table 1. 2-antenna codebook
	
	Rank 1
	Rank 2

	Precoding Vector / Matrix Structure
	V21() =
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	V22() =
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             = [V21()      V21(/2)]

	Parameter Choices for size 8
	tan{ 1∕3, 3,  3∕4, 3∕4,  3∕4 , 4∕3,   4∕3,   4∕3 }

{  0  ,  0, , /3, 2 /3 , , /3, 5 /3 }

	Parameter Choices for size 16
	tan{ 1∕3, 3,  3∕4,3∕4, 3∕4,3∕4, 3∕4, 3∕4, 4∕3,4∕3,4∕3, 4∕3, 4∕3, 4∕3}

{  0  ,  0,, /3,2/3,3/3,4/3,5/3,, /3,2/3,3/3,4/3,5/3}


4.2. Codebook for Four Node-B Antennas Rank ≤ 3
The proposed codebook for four Node-B antennas uses Householder matrices of the form H(u) = (I4 − 2uuH), where u is a unit 4 ( 1 “generating” vector [7]. Then, the pre-coding matrix for rank R is some 4 ( R sub-matrix of H(u). Specifically, for ranks 2 and 3, these are chosen to be the 2-column and 3-column subset of H(u), respectively.  A rank-1 codebook of size NC is obtained by choosing NC columns from the columns of the rank-3 codebook. Note that choosing a codebook amounts to choosing a set of vectors u. These are chosen by numerical search with the goal of maximizing the chordal distance, given the size. Note that the same u is used for the codebooks for different transmission ranks (rank 1, 2, and 3) so that the nested property is satisfied. Using the Householder-based codebook also reduces the complexity of SINR computation, as explained in [7].

4.3. Codebook for Four Node-B Antennas Rank-4
While Householder-based codebook may also be used for rank-4 transmission, the following rank-4 codebook is proposed as it is suited to the 4x4 rank-4 transmission structure [8, 9]. The use of Householder-based rank-4 codebook is still under investigation.
Table 2. 4-antenna rank-4 codebook

	Rank
	Description
	Size

	4
	Grouping of 4 virtual antennas based on 3 unitary matrices:

1. 4x4 identity

2. 4x4 DFT matrix

3. 4x4 Walsh-Hadamard matrix

Grouping can be defined as follows: 
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(*) Remove 2 out of 18 matrices to obtain a size-16 codebook
	16


5. Downlink Signalling Support
Although the UE recommends the preferred transmission rank and pre-coder via RAF and PSF, the Node B may choose to apply any transmission rank or pre-coder to a particular UE. In that case, the choice of transmission rank and pre-coder is to be signaled to the UE. 
Since the transmission rank is the same for all the RBs assigned to a particular UE, it is natural to signal the transmission rank along with the transport format indicator via the DL shared control channel. For signaling the pre-coder choice, either the DL shared control channel or a small set of dedicated reference signals may be used. The two alternatives need to be compared in terms of performance and overhead. 
6. Conclusion

This contribution outlines our proposed codebook designs for various MIMO configurations: 
· 2-antenna: rank 1 and 2  

· 4-antenna: rank 1, 2, 3, and 4

A nested codebook structure is imposed as much as possible to enable further complexity reduction in pre-coder selection. The proposed codebook for 2-antenna configuration is based on a simple parameterization of a unitary matrix. For 4-antenna configuration, the Householder matrix structure is used to derive the codebooks for rank 1, 2, and 3 transmissions. The rank-4 codebook is designed based on the virtual antenna grouping with different unitary matrices. 
While the preferred codebook size is small (8 for 2-antenna and 16 for 4-antenna), the possibility of increasing the codebook size for certain channel/deployment conditions should also be studied further.
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