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1 Introduction
In the codebook design for 4 Tx UL MIMO, CMP (cubic metric preserving) has been proposed as one approach, since the reduction of the transmit power due to PA (power amplifier) back-off needs to be considered in the power limited scenario [1][2][5]. Furthermore, column vectors of CMP matrices were normalized to allocate equal power among layers combined with data rate control [6][8], resulting in significant performance improvement in high SNR range which is of interest for rank 3 transmissions. 
In another approach, CMF (cubic metric friendly) codebooks were investigated [3][4]. CMF naturally increases the CM value due to the mixing of two layers, and does not work well in the power limited case. Therefore, in the RAN1 #57bis meeting, the mixtures of CMF and CMP were proposed to handle the problem [7]. In this contribution, we propose a codebook having the mixture of modified CMP with equal power per layer and pure CMP with different power per layer which can be used without regard to maximum output power of each antenna’s PA. 
2 Rank 3 Codebook Design
In the last #57bis meeting, we suggested the modified CMP codebook with equal power per layer [6]. In this section, we first elaborate on several properties of the modified CMP, and then propose the mixture of the modified CMP and the pure CMP.  
2.1 Cubic Metric Preserving (CMP)
Since lower CM can grant higher uplink transmission power, it is beneficial to design a codebook which preserves CM by keeping the single-carrier property for each antenna. Although CMF codebooks are designed based on the assumption that power is not limited in high ranks (i.e., rank 3 and 4) [3], power sharing between PUSCH and PUCCH may bring the limited power situation even in high ranks. CM analysis results also show that CMF produces higher CM values than CMP [8]. Therefore, we prefer rank 3 codebook based on CMP, where each matrix has only one non-zero element and two zeros in each of the 4 rows. 

2.2 Equal Power Allocation among Layers
In the modified CMP design proposed in [6], the power per layer is equally allocated, because the column vectors of the precoding matrices are normalized. The first advantage of this property is that its throughput performance is better than that of different power allocation among layers. For example, let us assume the different power allocation per layer and the MCS scheduler based on the channel capacity concept. In this scheduler, although the first codeword with high power transmits more information bits than the second codeword with low power, its throughput performance may be worse than that of equal power per layer. It can be simply shown using the channel capacity formulation based on the assumption that channels layers experience are identical. That is, the sum of channel capacity of three layers with equal power is larger than that of layers with different power, although the effect of interferences is not considered. Furthermore, in the pure CMP design [5], the imbalanced power among layers may affect channel estimation quality of precoded demodulation reference signals (DMRS) [3], resulting in further performance degradation [2][3].  
2.3 Equal Number of Antennas for Each Codeword 
In the CMP codebook proposed in [2], to minimize the imbalance of modulation symbol energy between two codewords (CWs), the first CW is mapped to single antenna, and the second CW is mapped to remaining three antennas. It seems that this antenna number imbalance among CWs results in performance loss according to our evaluations shown in Section 3.2, because the modulation symbols in the first CW does not obtain transmit diversity gain or beamforming gain.
Instead of this antenna number imbalance per CW, in the codebook proposed in [5] and [6], each CW is mapped to the same number of antennas, i.e., symbol data of the first CW are transmitted by two Tx antennas and those of the second CW are transmitted by other two Tx antennas. Since each CW is transmitted using two antennas, each CW obtains beamforming gain or transmit diversity gain. We note that Figure 1 represents the grouping of two antennas with the same polarization in this contribution.
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Figure 1.  Antenna element indexing
2.4 QPSK Alphabet and Normalizing Column Vectors
In 3GPP RAN1 #57bis meeting, we proposed the modified CMP codebook shown in the Table 1. Let us call the codebook of Table 1 CMP-A. The precoding matrices in Table 1 can be expressed using QPSK values
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 to normalize the column vectors.  For example, 
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 in Table 1 can be expressed as
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Table 1     Rank 3 CMP Codebook for UL 4Tx MIMO: CMP-A 
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2.5 Mixture of CMP with Equal Power per Layer and CMP with Different Power per Layer   
In this section, we propose a codebook having the mixture of modified CMP with normalized column vectors and pure CMP (i.e., without normalized column vectors) as shown in Table 2. Let us call the codebook of Table 2 CMP-B.  

Through an optimization based on the simulation results, we selected 8 modified CMP matrices and 8 pure CMP matrices, respectively from Table 1, which give closest performance compared to the case using the whole 16 matrices (CMP-A) given in Table 1. The 8 modified CMP matrices are located in the grey boxes in Table 1 and 2. The 8 pure CMP matrices are in the white boxes of Table 2. In Table 2 (i.e., CMP-B), all 16 matrices can be used in the power unlimited situation, while 8 pure CMP matrices in white boxes can be used in the power limited environment. 
Table 2     Rank 3 CMP Codebook for UL 4Tx MIMO: CMP-B 
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3 Performance
3.1 Simulation Assumptions
The link simulation parameters are shown in Table 3. 
Table 3. Link level simulation assumptions
	Antenna configuration
	4 TX at UE, 4 RX at eNB

	MIMO mode
	Closed loop 

	Channel estimation
	Real channel estimation 

	Rank 
	3

	MCS
	27 states 

	UE speed
	3km/h

	Channel models
	1. System-level SCM Urban Macro:
· Tx (UE): cross-polarized antennas separated by 
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· Rx (eNB): cross-polarized antennas separated by 
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	System Bandwidth
	10 MHz  

	PRB Allocation
	4 PRBs to one user

	Receiver, SC-FDMA
	MMSE

	Reference signal 
	3 Precoded DMRS

	Hybrid ARQ operation
	Chase Combining,  2 ACK/NACK for 2 CWs

	Max number of retransmission for HARQ
	3

	Target BLER
	0.1 for the initial transmission


3.2 Results and Discussions
Figures 2 compares the link performance of the proposed codebooks (i.e., CMP-A of Table 1 and CMP-B of Table 2) with others proposed in [2][3][5]. In the simulations, real channel estimation was employed with using 3 precodeded DMRS corresponding to the respective three layers. As shown in Figure 2, in medium to high SNR regions (i.e., 14 to 20dB), DL HH, CMF, and the CMP-A have similar performance. Observe that the CMP-A and CMP-B obtain about 1dB and 0.6dB performance gain at SNR = 18dB, compared to Qualcomm’s CMP. In medium SNR regions (i.e., 8 to 14dB), the performance of CMP-A is almost the same as those of DL HH and CMF. We note that the performance of a restricted codebook with 8 modified CMP matrices in CMP-B is slightly better than that with all 16 matrices in CMP-B at high SNR regions, although the simulation results are not shown in this contribution for simplicity. Observe that the 8 pure CMP matrices in CMP-B and Qualcomm’s 16 CMP matrices have very similar performance as shown in Figure 2.  According to our evaluations, codebooks with 4 pure CMP matrices were not enough to achieve precoding gain similar to Qualcomm’s 16 CMP matrices.
Based on the simulation results, it seems that equal power per layer is critical property in rank-3 codebook design, since DL HH, CMF, CMP-A, and CMP-B show significantly better performance than Qualcomm’s CMP and Nokia’s CMP with different power per layer, especially in medium-to-high SNR ranges. In addition, the equal number of antennas per codeword (CW) is also important design factor, because DL HH, CMF, CMP-A, CMP-B, and Qualcomm’s CMP use the equal antenna number per CW (e.g., four antennas per CW in CMF, and two antennas per CW in CMP-A and CMP-B), while Nokia’s CMP uses different antennas number (i.e., one antenna for the first CW and three antennas for the second CW), and the performance of Nokia’s CMP is worse than Qualcomm’s CMP.   

The proposed CMP-B outperforms Qualcomm’s CMP in medium to high SNR regions. Therefore, in power unlimited environment, all 16 matrices (i.e., 8 modified CMP and 8 pure CMP matrices) can be used, while 8 pure CMP matrices of CMP-B can be used in power limited case if needed. 
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Figure 2. Link performance of UL codebooks using real channel estimator 
4 Conclusion
In this contribution, we further investigated the modified CMP codebook (CMP-A) and then proposed a CMP-B, which consists of 8 modified CMP and 8 pure CMP matrices in order to provide better protection in power limited situations. The simulation results show that CMP-A has similar performance with DL HH and CMF. Both CMP-A and CMP-B clearly outperforms pure CMP at medium-to-high SNR regions though CMP-A is slightly better than CMP-B. In CMP-B, all 16 matrices can be used in power unlimited situation, while 8 pure CMP matrices among them can be selected in power limited case with giving almost same performance compared to using the original 16 pure CMP matrices. Thus, we propose the codebook CMP-B is taken as the baseline codebook for 4TX rank 3 transmissions in uplink.
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