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1. Introduction
The 2Tx codebook for UL SU-MIMO was decided in RAN1#56bis. Some design aspects of 4Tx codebook were also discussed. As a part of the way forward in [1], the following relevant principles were agreed: 
· Size-1 codebook with identity precoding for full-rank transmission

· 4Tx codebook:

· Total size (1-layer+2-layer+3-layer+4-layer) ≤ 64 (6-bit codebook)
· At most 8PSK alphabet { exp(j*p*n/4), n=0,1,…,7 } for non-zero elements
· Non-8PSK but constant modulus alphabet FFS

Furthermore, some simulation study was done in [2] to compare the DL 4Tx Householder codebook with the CM-preserving design in [3]. 
This contribution attempts to further refine the design of 4Tx codebook for UL SU-MIMO. The following recommendations are made:

· Decide on the channel model and antenna configurations for codebook selection, e.g. two pairs of cross-polarized dipoles at the UE

· Independent design of rank-1, rank-2, and rank-3 codebooks with the size of 24, 20, and 16, respectively, with 8PSK alphabet for the non-zero elements. The size-24 codebook for rank-1 includes 4 antenna selection vectors. 

· CM-preserving property only for rank-2 codebook. The extent of CM minimization can be relaxed for rank-3 codebook.
2. Design Guidelines
For UL SU-MIMO, the following design aspects are considered for 4Tx codebook. Some of these aspects have been discussed in other (previous) contributions but are recapped here. Note that there is no need to design a rank-4 codebook since only the identity matrix is used. 
2.1. Nested property

Since link adaptation (including rank and precoding adaptation) is performed at the eNB via the sounding reference signal (SRS), the concept of rank override does not apply to the UL SU-MIMO precoding. Hence, nested property across different ranks is not required. 

This implies the following:

· The codebook associated with a given rank can be designed independently from those of other ranks. In some sense, this simplifies the codebook design procedure since the codebook for a given rank can be optimized separately. 
· The guidelines that apply to a given rank do not necessarily translate to other ranks. 
2.2. Codebook size

It was decided that the total codebook size is ≤64. To determine the codebook size for each rank, the following principles can be used:
· Precoding gain tends to be larger for lower ranks. At the same time, the gain from increasing the codebook size tends to diminish faster for higher ranks. Hence, designing larger codebooks for lower ranks is more beneficial. 
· Following the agreement for 2Tx codebook, 4 antenna selection vectors can be included in the rank-1 codebook to counteract antenna gain imbalance. 
Based on the above design principles, the following codebook size (Table 1) can be used as a starting point for further works in finalizing the 4Tx UL SU-MIMO codebook.

Table 1. Recommended codebook size for different ranks
	Rank
	Size

	1
	24 
(including 4 antenna selection vectors)

	2
	20

	3
	16

	4
	1 (identity matrix)

	Total
	61


This implies that a 6-bit precoding information is needed on the UL grant. The 6-bit precoding information field conveys 1 of the 61 hypotheses of the precoding vector/matrix selection and the number of transmission layers. 

2.3. CM-preserving

Multi-rank (rank-2 and rank-3) precoding may increase the cubic metric (CM) of the transmitted signal. Hence, minimizing the resulting CM is beneficial for the system. In [3], a design for rank-2 transmission that preserves the CM is proposed. It was demonstrated in [2, 3] that the performance difference between the CM-preserving (block diagonal) codebook and the DL Householder codebook is small for lower transmit correlation, but larger for higher transmit correlation. At the same time, the reduction in the UE transmit power due to PA backoff needs to be accounted especially in power-limited scenarios (e.g. cell-edge). A CM-preserving design for rank-3 transmission is also proposed in [4]. 
While preserving the CM seems attractive, the following factors need to be considered:
· Imposing the CM-preserving criterion restricts the codebook structure. As observed from [3, 4], this amounts to introducing a number of zero components. This degrades the distance property of the codebook which in turns reduces the potential precoding gain. 
· Power limitation is more relevant for lower-rank transmissions, e.g. for UEs on the cell-edge. In this case, the UE is more likely to transmit with peak power and hence is susceptible to PA backoff. In this scenario, CM preservation (or more generally, minimizing the CM) is clearly beneficial. While the “more power is better” principle sounds universal, this is less relevant for higher-rank transmissions. That is, the UEs that are assigned with higher ranks are less likely to be power-limited. In this case, lower-rank would be identified with rank-2 while higher-rank with rank-3. 
From the above consideration, it seems appropriate to do the following:

· Rank-2 codebook: Impose the CM-preserving criterion as suggested in [3, 4].
· Rank-3 codebook: Relax the CM-preserving criterion. The CM-preserving criterion requires the structure introduced in [4] which may be unnecessarily restrictive. It is possible to limit the amount of CM increase by utilizing a certain structure. 
3. Codebook Design Examples
Some examples are given in this section for rank-1 and rank-2 designs. Different codebook designs are compared using the minimum chordal distance where the chordal distance between two matrices is defined as: 
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Such metric gives a reasonable indication of the performance in low spatial correlation which may be a more common scenario for UL SU-MIMO. Note that the examples given in this contribution are intended only as a starting point. For further comparison and finalizing the design, it is recommended that the channel model and antenna configurations be agreed prior to performance comparison (single-user throughput or system simulation). For 4Tx UL SU-MIMO, it may suffice to consider two pairs of cross-polarized dipoles at the UE where each pair is either H/V or +/-45 degrees. The eNB antenna configuration may be less important since the MIMO performance is less sensitive to receiver correlation unless some strong LOS components are present.
3.1. Rank-1

The codebook can be designed based on the Grassmanian criterion (i.e. maximize the minimum chordal distance) with QPSK alphabet constraint and 4 antenna selection vectors. Note that the antenna selection vectors are mainly aimed for power saving (by turning on only one of the 4 PAs). Hence, the scaling factor of 0.5 is introduced to reflect such intention. It is also possible to include some other forms of antenna “turn-off” via group selection. An example is given in Table 2 below.
Table 2. Rank-1 codebook (each vector is unit-norm)
	Rank-1 codebook

· Size = 24

· Minimum chordal distance = 0.612 (excluding the first 4 vectors)
· Mean chordal distance = 0.883 (excluding the first 4 vectors)

	Index 0 to 7
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	Index 8 to 15
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	Index 16 to 23
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3.2. Rank-2
The rank-2 design follows the CM-preserving principle proposed in [3]. A size-20 design example is given in Table 3 below. Note that the design in [3] is of size-16. Both designs achieve the same minimum chordal distance.
Table 3. Rank-2 codebook (each matrix is unit-norm)
	Rank-2 codebook

· Size = 20
· Minimum chordal distance = 0.500
· Mean chordal distance = 0.511

	Index 0 to 6
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	Index 7 to 13
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	Index 14 to 19
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4. Conclusion

This contribution attempts to further progress on the design of the 4Tx codebook for UL SU-MIMO. The following recommendations are made:
· Decide on the channel model and antenna configurations for codebook selection, e.g. two pairs of cross-polarized dipoles at the UE
· Independent design of rank-1, rank-2, and rank-3 codebooks with the size of 24, 20, and 16, respectively, with 8PSK alphabet for the non-zero elements. The size-24 codebook for rank-1 includes 4 antenna selection vectors. 
· CM-preserving property only for rank-2 codebook. The extent of CM minimization can be relaxed for rank-3 codebook.
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