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1. Introduction
In RAN1#46, the support of unitary codebook-based pre-coding has been agreed for the E-UTRA MIMO FDD. Several aspects are involved in deciding the codebook-based pre-coding scheme:

1. Pre-coder selection criteria
2. Codebook design: structure, size, adaptability

3. Signaling support: 

a. Pre-coder selection feedback (PSF) and rank adaptation feedback (RAF)

b. Downlink signaling
In this contribution, we present our views on the above aspects of codebook-based pre-coding.
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. 
3. Codebook Design
Regarding the codebook design, our views can be summarized as follows:
1. The codebook size should be kept sufficiently small to avoid unnecessary increase in pre-coder selection feedback (PSF) overhead. For 2-antenna codebook, 8-element codebook can attain most of the gain [1, 2, 3]. For 4-antenna codebook, 16-element codebook should be sufficient [4].
2. Structured codebook is preferred than random codebook to allow further complexity reduction in pre-coder selection [4].
3. With rank adaptation, 6 different configurations are possible: 2x1, 2x2, 4x1, 4x2, 4x3, 4x4 where 
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). Hence, 6 different codebooks (one per configuration) should be supported. While structural commonality across the 6 different codebooks may be desirable, it should not be used as the main constraint for codebook design. The performance for every given configuration should be given the first priority. To avoid confusion with the next discussion point, we use the term codebook set to indicate a set of 6 codebooks, where each codebook corresponds to one of the 6 configurations identified above.
4. Since high-performance codebook may depend on the channel conditions (e.g. spatial correlation, UE speed) as observed in [5, 6], the possibility of having more than one codebooks for the same rank (i.e. more than one codebook sets) should be studied as well. The change in codebook set should be done slowly (e.g. semi-static).  
5. If dynamic switching between SU- and MU-MIMO is to be supported, a common codebook must be used for SU- and MU-MIMO. In this case, codebook design (size and structure) should be designed to provide the best performance for SU-MIMO. Note that MU-MIMO may utilize only a subset of the codebook to prevent performance degradation with larger codebook size. 
An example of codebook set for 2- and 4-antenna transmissions are given in Tables 1 and 2:
1. The 2x1, 2x2, 4x1, 4x3, and 4x3 codebooks can be viewed as a (subset of) Householder matrix. The 4x4 codebook is based on antenna grouping under 3 different basis.
2. For 4x1, 4x2, and 4x3 configurations, it is desirable to form a smaller set of N 4x4 Householder matrices and design the codebooks from the column subset of the N 4x4 matrices. To obtain 16 4x1 pre-coders, N should be at least 4.
3. 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
	Description
	Size

	1
	TxAA: 1-bit magnitude, 2-bit phase [2, 3]
	8

	2
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Table 2. 4-antenna codebook

	Rank
	Description
	Size

	1
	4-bit Householder rank 1 [4]
	16

	2
	4-bit Householder rank 2 [4] 
	16

	3
	4-bit Householder rank 3 [4]
	16

	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


4. Signalling Support
4.1. Pre-coder selection feedback (PSF) and Rank Adaptation Feedback (RAF)
Since pre-coding adapts to the instantaneous channel, PSF is to be fed back at the same or comparable rate as CQI. Feeding back the PSF for every resource block (RB) is the most beneficial but will result in excessive feedback overhead. Further PSF reduction should be considered, e.g. [2, 3, 7, 8]. However, feeding back only 1 PSF per UE will result in unacceptable performance [2, 3]. Each PSF should indicate the index of the preferred matrix (or vector in case of rank-1 pre-coding) within the codebook. Based on the suggested codebook size in Section 3, one PSF consists of 3 bits and 4 bits for 2-antenna and 4-antenna transmissions, respectively. The number of PSFs per UE is FFS.
While PSF should reflect the frequency selectivity across RBs, a single RAF per UE is sufficient to attain most of the system benefit [9]. Hence, the same transmission rank shall be applied to all the RBs assigned to a particular UE.

The Node B interprets the UE pre-coding feedback based on the PSF and RAF (since RAF indicates the preferred transmission rank and hence the codebook). Since rank adaptation is also responsive to instantaneous channel, it should be fed back at the same or comparable rate as CQI and PSF.
4.2. Downlink signaling
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.  
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