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1 Introduction
So far, lots of proposals on codebook design for UL 4 Tx SU-MIMO were presented such as [1]~[6]. In [1] and [2], some design principles were discussed and the codebook for rank 1 and 2 was proposed. In [3], simulation results were given to illustrate that the performance of CMP codebook is similar to R8 DL HH codebook and SC property of UL waveform should be regarded as one of the most impotant considerations for codebook design. Moreover the specific codebook with CMP property for rank 2 and 3 were brought up. In [4], the CMF codebook with nested structure was proposed and in [5], the guidelines for 4 Tx codebook design were discussed.
During RAN1 #57 meeting, codebook design was further discussed and great progress has been made. For 2 Tx, a scaling factor 1/sqrt(2) is considered necessary for codebook index 4 and 5 of rank-1 case in order to limit the maximum transmiting power of each antenna’s PA when antenna selection is applied. Futthermore, based on the conclusions agreed in RAN1 #56 bis, some detailed principles in [7] were agreed as the guidance of 4 Tx codebook design.
Conclusions in RAN1 #56 bis
· Size-1 codebook with identity precoding for full-rank transmission
· 4 Tx 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

Conclusions in RAN1 #57

· Overall design principle

· Independent design for different ranks

· Decide upon codebook independently for each rank

· Rank1:

· A few vectors for selected antenna(s) (PA(s)) “turn-off” 

· Targeted for power saving in case of, e.g. antenna gain imbalance

· Rank2:

· CM preserving for all the 4x2 precoding matrices

· Each matrix has one zero and one non-zero exp(j*theta) element in each of the 4 rows

· Rank3: FFS

· CM-preserving or CM-friendly or Rel-8 DL or mixture or … 

· Mixture of CM-preserving and other approach (across different rank cases in case of dynamic rank adaptation), e.g., CM-friendly or Rel-8 DL: yes or no FFS

· Rank4: identity matrix

· Configuration for performance evaluation of precoding proposals
· UE tx antennas

· Two cross-polarized antennas (X) separated by lambda/2 

· eNB rx antennas

· Two cross-polarized antennas (X) separated by lambda/2 or 4*lambda

· Channel model: SCM defined for system level simulation

· Link or system level simulation can be done 

· Receiver: MMSE 
In this contribution we will further discuss some considerations on UL 4 Tx codebook design and present specific example of 4 Tx codebook from rank 1 to 3 since size-1 codebook with identity precoding for full-rank transmission has been agreed in RAN1 #56 bis.
2 Discussions
Althrough alphabet of at most 8PSK is allowed, we still prefer QPSK alphabet, i.e. {+1, -1, +j, -j} in order to reduce computation complexity at eNB if there is not large precoding performance loss. In the respect of codebook size of each rank, uneven codebook size is preferred since lower ranks achieve larger precoding gain over higher ranks and for this moment we use the codebook size of each rank in [7] as a working assumption, i.e. 20 for rank 1 (not including antenna selection vectors), 20 for rank 2, 16 and rank 3 and 1 for rank 4. Finally, based on the current conclusion that decides upon codebook independently for each rank, the requirement for nested struture is not considered. In the following section we will discuss the codebook design for rank 1~3 respectively.
2.1 Rank 1
Since only one layer is transmitted, the SC property will not be impacted by precoding. The only consideration is the precoding performance. It seems that minimum chordal distance is a reasonable metric for performance comparision, so the designing goal is to maximize the minimum chordal distance. an example of the codebook for rank 1 is shown in Table 1 and the minimum and average chordal distance are 0.6124 and 0.874 respectively.
Table 1 Codebook for Rank 1
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Just like 2 Tx codebook, antenna selection vectors should be invovled in rank 1 codebook due to the problem of antenna power imbalance caused by shadowing (grip of hand or antenna orientation). Since two cross-polarized antennas (X) separated by lambda/2 is assumed for UE antenna configuration, it is more likely that two of the four antennas suffer shadowing at the same time, so we select two of the four antennas simultaneously and then there are six antenna selection vectors, i.e.
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Additionally, to limit the maximum transmitting power of each antenna’s PA to 1/2 or 1/4 of maximum transmitting power, the power scaling factor 1/sqrt(2) or 1/2 is needed to be multiplied and we slightly prefer the power scaling factor 1/sqrt(2) just like the case of 2 Tx since it will not affect total transmitting power of the UE with 4 antennas. According to above discussion, the size of codebook for rank 1 should be 26.
2.2 Rank 2
For rank 2, CMP codebook has been agreed and the rest task is to find a set of precoding matrix with maximum minimum chordal distance. Searching result is shown in Table 2. The minimum and average chordal distances are 0.50 and 0.51 respectively.
Table 2 Codebook for Rank 2
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2.3 Rank 3
Compared with other rank, the codebook desgin for rank 3 is far to reach agreement and there are many candidates such as CMP, CMF, R8 DL HH and so on. 
· CMP codebook aims at keeping the SC property since there is only one layer’s data in one antenna port, which is mainly used in power limited scenario.
· In [4], it is mentioned that the constant norm property of row and column vector can not be satisfied at the same time, which maybe bring some trouble such as layer-based power control if constant norm property of row vector is not satisfied. 
· For this problem, there are two options, i.e. either row or column vector keeps constant norm property.

· If constant norm property of column vector is kept, all layers have identical transmitting power. In this case, data rate control can be applied for QoS control on each layer (or each codeword). Furthermore, since the transmitting power for different antennas may be different, the maximum output power of each antenna’s PA should be half of the UE’s maximum transmitting power in order to obtain the UE’s maximum transmitting power.
· If constant norm property of row vector is kept, all antennas have identical transmitting power and the maximum output power of each antenna’s PA can be 1/4 of the UE’s maximum transmitting power. However, this option will result in nonuniform power allocation among layers, which is not based on the channel’s eigenmode and not optimal, so uniform power allocation among layers combined with data rate control is preferred just like LTE.
Based on above analysis, for CMP codebook of rank 3 it is proposed that constant norm property of column vector is satisfied.
· For R8 DL HH, there is a mixture of 3 layers’ data in one antenna port, so the CM is the highest among the candidates. Furthermore, R8 DL HH is beyond the QPSK alphabet and its precoding gain relative to CMP is very limited according to the simulation results in [3], so it is not proposed. 
· Compard with CMP codebook, CMF codebook relax the CM constraint and there is a mixture of 2 layer’s data in one antenna port, so the CM is higher than CMP, but smaller than R8 DL HH as illustrated Table 3 which is cited from [5]. So if the CMF codebook can bring remarkable precoding gain over CMP codebook, it should be considered to be applied in non-power limited scenario.
Table 3 CM Value Analysis ([5])
	Number of mixed Layer(s)
	CM (dB)

	Mix of 1 layer in a single antenna port
	1.22

	Mix of 2 layer in a single antenna port
	2.55

	Mix of 3 layer in a single antenna port
	3.05


According to above analysis, we propose to investigate the precoding performance of CMP and CMF. If CMF can not show great precoding gain, only CMP precoding matrices should be chosen as rank-3 codebook. Otherwise, both CMP and CMF precoding matrix should be included in rank-3 codebook. Of course, with the fixed codebook size for rank 3, including CMP and CMF at the same time will reduce the size of the part of CMP and CMF. But as analyzied at the beginning of section 2, the precoding gain for higher rank is not as remarkable as lower rank, so we don’t think this will bring great performance loss. Finally since higher rank is often used in non-power limted scenario, the size of CMP and CMF protion can be different and the specific ratio is FFS.
An example of hybrid codebook for rank 3 is shown in Table 4 and Table 5 for the part of CMP and CMF respectively, which combines CMP and CMF precoding matrix and the size of CMP and CMF is identical. In the part of CMP, the minimum and average chordal distances are 0.2887 and 0.2998 respectively. In the part of CMF, the minimum and average chordal distances are 0.2887 and 0.3043 respectively. From the viewpoint of chordal distance, CMP and CMF codebook has similar precoding performance.
Table 4 CMP
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The power norminization matrix for CMP protion is 
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Table 5 CMF
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The power norminization matrix for CMF protion is 
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3 Conclusion
In this contribution, we discussed the codebook design for UL 4 Tx SU-MIMO and we suggested that
· QPSK alphabet is used for codebook design.
· For rank 1, six antenna selection vectors are included, which select two of the four antennas simultaneously and the power scaling factor 1/sqrt(2) or 1/2 is multiplied to limit the maximum transmitting power of the each antenna’s PA. Power scaling factor 1/sqrt(2) is preferred by us.
· For rank 3, we should further investigate the precoding performance of CMP and CMF. 

· If CMF can not show great precoding gain, only CMP precoding matrix should be chosen as rank-3 codebook. 
· Otherwise, both CMP and CMF precoding matrix should be included in rank-3 codebook.
· For CMP codebook, constant norm property of column vector is desired.
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