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1. Introduction
While the aspects of codebook-based pre-coding were discussed only in the past two RAN1 meetings, some of the aspects need to be finalized for the completion of stage 2 E-UTRA specification.  In RAN1#47bis, some of the aspects were discussed and agreed upon as the working assumption [1]. 
Currently, different alternatives for codebook design can be categorized as follows:
1. Unstructured codebook: This includes the unconstrained Grassmanian codebooks [2] (for 4 TX antennas] and is often termed the random codebook [3]. 

2. Structured codebook: The majority of proposals fall into this category [4-11,18].  The main motivations for structured codebook are complexity reduction, scalability, and/or better performance in certain scenarios. Note that constrained Grassmanian codebooks are also in this category (e.g. [4, 6, 10, 18]). Some examples are the phase-only codebooks (e.g. based on DFT matrix), constant modulus Grassmannian matrices, and the Householder-matrix codebook. 

In addition, augmenting CDD operation to the codebook-based pre-coding was also proposed in [12, 13]. Here, the delay parameter is semi-statically adapted for each UE depending on the channel conditions and the use of pre-coding. 
In this contribution, we suggest the way forward on the codebook design for the E-UTRA MIMO. In particular, we recommend the decisions on the aspects that are essential for the stage 2 specification as well as on the details that are acceptable to a number of companies. We focus on the codebook design for SU-MIMO.
2. Aspects of Codebook Design
In this section, we discuss different aspects of codebook design.

2.1. Trade-off between performance and signaling overhead 

In RAN1#47bis, it was agreed that the Node-B configures the time-frequency granularity of the pre-coder selection feedback (PMI). This is one of the factors that determines the trade-off between performance and signaling overhead [14]. In addition, the following factors should also be considered:
1. Codebook size: While the codebook size can be defined in terms of the number of generating square matrices [1], the codebook size should also be defined per transmission rank. This is because the rank and PMI feedbacks are decoupled [1]. This does not exclude the possibility of assigning the same codebook size for different ranks. Note that deciding the codebook size is essential to the completion of stage 2 E-UTRA specification.
2. The number of supported codebooks: As pointed out in [11], it is beneficial to support multiple codebooks where each codebook is tailored to fit a certain channel condition, deployment scenario, and/or UE capability. If only a single codebook is supported, the codebook must be larger to maintain the same performance as it needs to support a set of conditions/scenarios. Larger codebook results in larger UL feedback overhead since the PMI size is larger. In addition, it may potentially result in larger DL overhead if the choice of pre-coder is signaled via the L1/L2 control channel. Although supporting multiple codebooks is beneficial from performance and overhead perspective, the number of supported codebooks should be kept small to minimize the number of options. 
In terms of performance, it has been recognized that a certain codebook performs better in certain types of conditions but not in the other conditions. For example, Grassmanian-type codebook with amplitude adaptation performs better in low correlated spatial channels. Also, a certain codebook structure may be needed when two closely-spaced cross polarized antenna pairs are used to provide four antenna elements [11].   Another codebook structure may be needed for a similar setup but where the antenna pairs are spaced far apart [11].
2.2. UE complexity 

In addition to performance, the associated UE complexity should also be considered as it relates to the chip area, power consumption, and the search speed for pre-coder selection. This aspect is one of the motivations for employing structured codebooks as the structure can be exploited to reduce the number of computations [4, 10, 18]. In addition, structured codebook tends to be simpler to parameterize. While UE complexity is an important factor, the introduced structure should not result in significant performance loss. 
The working assumption in RAN1#47bis also introduced some restriction on the codebook structure [1]. That is, the codebooks for lower transmission ranks are derived from a set of M×M generating matrices. This restriction may also be helpful in reducing the search complexity. However, this may not imply that all the M×M generating matrices are used for the full-rank pre-coding. 

2.3. Other aspects and recommendation
Scalability across antenna configurations (same codebook structure for 2- and 4-antenna configuration) were also mentioned  as an advantage of a certain codebook scheme (see, e.g. [15]). This feature, however, is non-essential compared to the other two aspects. In addition, enforcing the same codebook structure for 2- and 4-antenna configuration may result in sub-optimality due to the different characteristics of the antenna configuration.
Hence, it is recommended that the codebook design should be selected based on performance (in relation to the size) and UE complexity as indicated above.

In [12, 13], augmenting CDD (with UE-specific delay parameter) to codebook-based pre-coding was proposed. Since this scheme is not tied with any particular codebook, it is proposed to decouple these two aspects of E-UTRA MIMO. That is,
· Codebook design/optimization should be performed without assuming CDD operation (equivalent to setting the delay parameter to zero).
· The augmentation of CDD can be studied apart from codebook design as the potential gain of CDD is not specific to any particular codebook.
3. Codebook Design
Based on the principles discussed in the previous section, some codebook designs are given in this section. 

3.1. Codebook for 2 Node-B antennas
The codebook for 2-antenna configuration can be parameterized as follows:
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Rank 2: 
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The exact set of 
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 pairs fully specifies the codebook. Some examples of the parameter set are given in [2, 7, 10, 11, 19]. The following way forward is proposed for the 2-antenna codebook:

1. The number of parameter sets (which corresponds to the number of codebooks) can be decided in RAN1#48. 

2. The exact set of 
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 parameters can be decided in RAN1#48 based on the existing results and recommendations (e.g. [4, 7, 11, 16]) or can be for further study. Since one codebook structure is used, the selection criterion is performance.
3. The codebook size for rank 1 is set to 8.
4. It is to be decided (preferably in RAN1#48) whether the codebook size for rank 2 is set to 4 or 8. 
Point 3 and 4 are consistent with the majority preference in [1] and the results in [14]. 
3.2. Codebook for 4 Node-B antennas
While there is not much freedom in selecting unitary codebooks for the 2-antenna configuration, this is not the case for the 4-antenna configuration. In addition, there are more scenarios (channel condition, deployment, UE capability) that need to be considered. Some of the scenarios are outlined in [11]:
1. Large Node-B antenna separation (low spatial correlation)

2. Two closely-spaced cross polarized Node-B antennas (high spatial correlation with a certain correlation structure)
Hence, codebook design based on performance and UE complexity becomes even more pertinent for the 4-antenna scenario.

In addition, some codebooks are particularly suited for certain antenna configurations. For example, a DFT-based codebook (DFT matrix multiplied with a diagonal phase rotation matrix) was recommended as the working assumption due to its structural “simplicity” (which is not associated with UE complexity). However, it is well-known that DFT-based codebooks are typically suited for uniform linear array (ULA) configuration but not for some other scenarios. In addition, many practical Node-B installations may not utilize ULA. Hence, it is not expected to perform as well as some other codebook candidates (see, e.g. [17]).
Therefore, it may not be sensible to finalize the codebook design before properly identifying the set of relevant scenarios for which the codebook design is performed. This is to ensure competitive pre-coding scheme for the E-UTRA MIMO. The following way forward is proposed for the 4-antenna codebook:
1. A set of relevant scenarios are to be identified. The number of scenarios will determine the number of supported codebooks. This can be decided in RAN1#48 to facilitate future works.
2. The maximum codebook size for each rank is either 16 or 32. This is consistent with the majority preference in [1] and the results in [14]. This should be decided in RAN1#48 as it is essential for the completion of stage 2 specification.
3. For each identified scenario, one codebook is chosen based on the criteria outlined in Section 2: performance and UE complexity. The final selection shall be ready before the completion of stage 3 specification.
Although the exact codebook design is for further study, some exemplary designs can be given for the scenarios identified above. 
1. For low to moderate spatial correlation: 
a. Unstructured Grassmanian codebook

b. Constrained Grassmannian codebook [18].  The matrices are constant modulus, where the elements of the codebook matrix are chosen from the set {-1,+1,-j,+j}.
c. Structured Grassmanian codebook based on the Householder matrix [4, 10]. The lower rank codebooks are generated from the column subset of the 4×4 generating matrices (identified by a set of vector 
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2. For two closely-spaced cross polarized Node-B antennas: 
a. Staggered TxAA codebook: only rank 1 and 2 are supported based on the following 4×2 generating matrices
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3. Antenna selection codebook

 
4. Conclusion

As the deadline for stage 2 E-UTRA specification is getting close, it is essential to prioritize and finalize some of the aspects of codebook-based pre-coding for the E-UTRA MIMO. The details of codebook-based pre-coding were discussed only in the last two RAN1 meetings. Hence, it is more sensible at this point to focus on the aspects that are critical to the completion of stage 2 specification and/or have been well-studied and understood. To ensure proper and competitive pre-coding scheme for the E-UTRA, the remaining details shall be studied further and finalized before the completion of stage 3 specification.
Based on the discussion in this contribution, the following recommendation and way forward are proposed to facilitate the progress for the SU-MIMO codebook design: 
1. Codebook design for the E-UTRA MIMO should be selected based on the performance and UE complexity rather than a certain arbitrary structure. 
a. Adopting only the DFT-based design does not meet these requirements as well as the other possibilities we have studied.

b. Codebook design should be based on a certain set of scenarios in mind.
2. The introduction of CDD to the codebook-based pre-coding is to be studied separately. The codebook design should assume zero delay parameter (no CDD operation)

3. The following aspects can be finalized in RAN1#48 for the completion of stage 2 specification:
a. The support of multiple codebooks for the E-UTRA MIMO along with the number of codebooks for 2 and 4 Node-B antennas
b. Codebook structure for 2 Node-B antennas given in equation (1) with the corresponding size for each transmission rank, and preferably the exact parameter sets
c. A set of scenarios of interest for 4-antenna codebook optimization
d. 4-antenna codebook size for each transmission rank

4. The following aspects should be studied further:

a. The exact codebook design (structure and parameters) for 4 Node-B antennas
b. The exact parameter set for 2-antenna codebook (if it cannot be finalized in RAN1#48)
In addition, some exemplary codebook structures were also given for illustrative purposes.  
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