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1. Introduction
The following decisions were made in relation to the 4Tx UL SU-MIMO codebook design for rank-3 [1, 2]:
· 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

· Overall design principle

· Independent design for different ranks

· Decide upon codebook independently for each rank

· 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

Other design aspects (e.g. codebook sizes) were also discussed in [3]. 
In this contribution, we proceed with the exact codebook design for rank-3. The rank-1 and 2 designs are given in a companion contribution [4]. Following the agreement, the codebooks for different ranks are designed and optimized separately as there is no need to impose any artificial relationship across different ranks. At the same time, we keep in mind that the total codebook size (rank-1+rank-2+rank-3) should not exceed 63.
2. Codebook Design
The design principles are given in [4] and repeated here for convenience:

· Since the codebooks for different ranks are independently designed, the rank-n throughput can be used to compare different rank-n codebook designs. At the same time, the throughput within a typical geometry (SNR) range for rank-n should be considered when comparing two designs which are better in different SNR regions. 
· The simulation assumptions are given in the Appendix. 
· The dual-polarized transmit antenna configuration is simulated according to the agreement in RAN1#57 [2]. It is understood that the resulting spatial channel is inherently less correlated due to the low transmit correlation. It is also expected that the performance is less sensitive to the eNB (receive) antenna configuration.
· Another simple metric used for codebook selection is 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. At the same time, this metric may not reflect the throughput performance for the agreed upon antenna configuration and spatial channel characteristics.

For non-uniform antenna configurations such as dual-polarized arrays, the antenna element indexing is crucial since it may affect the performance due to the non-uniform correlation profile. Figure 1 depicts the indexing which we assume in this contribution. The antenna indexing is used to enumerate the spatial channel coefficients 
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where n and m are the receiver and transmitter antenna indices, respectively. Observe that the indexing for the 2 pairs of cross-polarized antennas (Figure 1(c).) represents the grouping of two antennas with the same polarization which tend to be more correlated. This is analogous to the indexing of 2 pairs of ULA in Figure 1(b). 
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Figure 1. Antenna element indexing (transmitter and receiver)
For the rank-3 codebook, we consider size-16. We also assume the use of QPSK alphabet for the same reason as rank-1 and rank-2 designs [4]. The following designs are considered:
· CM-preserving: following the principle in [6]
· CM-friendly: following the principle in [7]
2.1. Rank-3 CM-Preserving
A rank-3 CM-preserving precoding matrix can be written as follows: 
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Here, П is a row permutation matrix. The coefficient w belongs to an alphabet set. For instance, 
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 holds for a QPSK-based design. Since codebook distance property and SINR are invariant to the phase difference across layers, the first non-zero coefficient associated with each layer is zero-phased. 

Overall, there are a total of 4!=24 possible orderings which can be chosen to improve the distance property of the codebook. A proposed design is given in Table 1. 
Table 1 Rank-3 CM-preserving codebook (each matrix is unit-norm) 

	Rank-3 codebook A
· Size = 16

· CM-preserving
· Minimum chordal distance = 0.3538
· Mean chordal distance = 0.3633

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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2.2. Rank-3 CM-Friendly

A rank-3 CM-friendly precoding matrix can be written as follows [7]: 
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Here, П is a row permutation matrix. We initially ignore the constant normalization factor which is the Frobenius-norm of the matrix W. Notice that each antenna observes a mix of exactly two layers, and consequently, its power rating is constant across all 4 antennas. Also note that each column is normalized so that first non-zero entry is 1. This is permissible since codebook distance property and SINR are invariant to the phase difference across layers, and the first non-zero coefficient associated with each layer is thus zero-phased. To preserve column-wise orthogonality, u and v are direct functions of x, y, and z. In particular, 
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In [7], the transmit power across the three layers (three columns) is equalized via diagonal scaling. It should be noted that such fixed scaling (whatever it may be) precludes layer-specific power control (open or closed loop). Consequently, the scaled CM-friendly precoding matrix can be written as follows:     
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(3)
Two proposed CM-friendly designs are given in Table 2 and 3: Design B.1 and Design B.2. The Design B.1 has no power normalization of columns. The design B.2 uses power normalization of columns.  
Table 2 Rank-3 CM-Friendly codebook
	Rank-3 CM Friendly Codebook B.1
· Size = 16

· Minimum chordal distance = 0.3538 (strictly speaking, chordal distance may not be appropriate since the precoding matrix is not unitary despite the column-wise orthogonality)
· Mean chordal distance = 0.3633
· Without Power Scaling

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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Table 3 Rank-3 CM-Friendly codebook
	Rank-3 CM Friendly Codebook B.2
· Size = 16

· Minimum chordal distance = 0.2887

· Mean chordal distance = 0.2976
· With Power Scaling

	Index 0 to 3
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	Index 4 to 7
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	Index 8 to 11
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	Index 12 to 15
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3. Simulation Results
The following rank-3 codebooks are compared:

· Rank-3 Rel-8 DL Householder codebook

· Qualcomm codebook: CM-preserving [6]
· Design A: CM-preserving

· Design B.1: CM-friendly without scaling

· Design B.2: CM-friendly with scaling

The simulation assumptions are given in the Appendix. The performance comparison is depicted in Figure 2. The 4Tx DL Householder codebook is used as a reference. The following can be observed from the results:

· CM-preserving and CM-friendly designs perform ~5% worse compared to the Householder codebook in the moderate geometry region. The performance difference becomes smaller as the geometry increases. At the same time, the CM-preserving and CM-friendly designs possess the CM benefit over the Householder codebook. 
· Design A (CM-preserving), B.1 (CM-friendly), and B.2 (CM-friendly) perform better than the CM-preserving design proposed in [6]. If a CM-preserving design is desired, design A seems to be the better candidate. On the other hand, design B.2 (with scaling) achieves the best performance among the CM-sensitive designs. 
4. Conclusion

This contribution attempts to further progress on the design of the 4Tx UL SU-MIMO codebook for rank-3. By comparing 4 different designs: Rel-8 DL Householder, CM-preserving, CM-friendly without column scaling, and CM-friendly with column scaling, we found that the Rel-8 DL Householder codebook achieves the best performance, followed by a column-scaled CM-friendly design. The following is observed:

· While CM-preserving seems attractive as it minimizes the CM, it should be noted that CM preservation may not be as important for rank-3 transmission (as opposed to, e.g. rank-1 and rank-2) as rank-3 transmission may not be power-limited. 
· At the same time, low CM design may prove more beneficial if the performance loss of CM-preserving design is marginal.
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Figure 2.Throughput comparison for rank-3 codebooks
Appendix: Simulation Assumptions

Table 1. Simulation assumptions

	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of SC-FDMA symbols per TTI
	12

	Antennas Configurations
	4x2, 4x4 

	UE speed and fading model
	3 Kmph

	Channel models and antenna configurations
	1) TU-6 delay profile + spatially uncorrelated channel; 

2) System-level SCM Urban Macro:
· Tx (UE): 2 pairs of XP antennas separated by /2

· Rx (eNB): 

· 2Rx: ULA spacing = 4
· 4Rx: 2 pairs of XP antennas separated by 4

	Center frequency
	2GHz

	BLER target for 1st transmission
	10%

	MCS Set
	28-level MCS with QPSK, 16QAM, and 64QAM

	Allocated RBs
	4

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3 (total of 4 transmissions)

	Number of HARQ processes
	8

	Processing delay 
	4 ms

	Receiver
	MMSE
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