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

· 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) element in each of the 4 rows
Other design aspects (e.g. codebook sizes) were also discussed in [3]. 
In this contribution, we proceed with the exact codebook design for rank-1 and 2. The rank-3 design is 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
Clearly, the metric for codebook design selection is the throughput performance. In particular, the following principles can be followed:

· 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)
Based on the size constraint of 64 and the need for accommodating several antenna turn-off vectors for rank-1, the following codebook sizes are considered:

· Rank-1: 16 without the antenna turn-off vectors

· Rank-2: 20

· Rank-3: 16 (see [4])
We also assume the use of QPSK alphabet as the gain of 8PSK alphabet over QPSK is unclear. Moreover, a QPSK-based design results in a simpler computational requirement for the precoder search as multiplication can be avoided. While eNB may have good computational capability, one eNB performs precoder (and in general link) adaptation for all the uplink-scheduled UEs. Hence, minimizing the computational complexity associated with precoding adaptation at the eNB is still well-motivated.
2.1. Rank-1

It was agreed that a few of antenna turn-off vectors are to be included in the rank-1 codebook. Keeping in mind that 4Tx UL SU-MIMO is aimed for the antenna configuration in Figure 1(c), the following antenna group turn-off vectors are suitable (derived from rank-1 2Tx codebook):
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It may not be necessary to include all the 8 vectors. For instance, a subset of size-4 may be sufficient. 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 then follows that the antenna turn-off vectors are typically not chosen in the normal precoding adaptation (unless, e.g. severe antenna-gain imbalance occurs). Hence, the constant modulus vectors of the rank-1 codebook are designed separately from the antenna turn-off vectors. That is:

· The antenna turn-off vectors are not included in the minimum chordal distance computation and optimization.

· The antenna turn-off vectors are not simulated. 

Hence, the subsequent discussion on the rank-1 4Tx codebook design does not include the antenna turn-off vectors. 
The proposed rank-1 codebook (size-16) with QPSK alphabet is given in Table 1. Figure 2 depicts the comparison of the proposed rank-1 codebook in Table 1 relative to the 4Tx rank-1 DL Householder codebook. Observe that the proposed QPSK codebook performs slightly better than the Householder codebook for the 4x2 antenna configuration. 
Table 1. Rank-1 codebooks (each vector is unit-norm)

	Rank-1 codebook – not including antenna turn-off vectors
· Size = 16
· Minimum chordal distance = 0.866 

· Mean chordal distance = 0.893 

	Index 0 to 7
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	Index 8 to 15
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2.2. Rank-2

The simplest possible CM-preserving design is given in Table 2. This fits well with the antenna configuration given in Figure 1(c). With QPSK alphabet, this results in a size-16 codebook. Note that phase difference across layers does not improve the distance property as well as the SINR per layer. Hence, the first non-zero coefficient associated with each layer is zero-phased. It is of course possible to use any alphabet size such as 8PSK. The gain, however, is expected to be marginal if any.

Table 2. Rank-2 codebook (each matrix is unit-norm) – simple structure which is designed based on the XPD structure

	Rank-2 codebook A
· Simple design without antenna group permutation

· Size = 16

· Minimum chordal distance = 0.3536

· Mean chordal distance = 0.5047
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Another design can be obtained by incorporating antenna group permutation. There are 6 possible antenna group permutations (relative to the spatial channel): {(1,2,3,4), (1,3,2,4), (1,4,2,3), (2,3,1,4), (2,4,1,3), (3,4,1,2)}. Notice that the last three permutations can be derived from the first three via swapping the layers. However, it is easy to see that chordal distance is invariant to permutation/swapping across the layers. Such invariance property also holds for SINR. Hence, only 3 permutations need to be considered for the codebook design: {(1,2,3,4), (1,3,2,4), (1,4,2,3)}. This design approach is used in, e.g. [5]. It is expected that this approach results in a better distance property. 
The proposed rank-2 CM-preserving codebook (size-20) is given in Table 3. 
Table 3. Rank-2 codebook (each matrix is unit-norm) 

	Rank-2 codebook B
· Allow antenna grouping permutation

· Size = 20
· Minimum chordal distance = 0.500
· Mean chordal distance = 0.526

	Index 0 to 6
	
[image: image24.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

1

0

1

0

0

1

0

1

2

1


	
[image: image25.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

1

0

1

0

0

1

0

1

2

1


	
[image: image26.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

1

0

1

0

0

1

0

1

2

1


	
[image: image27.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

-

1

0

1

0

0

1

0

1

2

1


	
[image: image28.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

j

j

0

1

0

0

0

1

2

1


	
[image: image29.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

j

j

0

1

0

0

0

1

2

1


	
[image: image30.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

-

j

j

0

1

0

0

0

1

2

1



	Index 7 to 13
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	Index 14 to 19
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Figure 3 depicts the throughput comparison of the following rank-2 codebooks:

· 4Tx Householder codebook for DL MIMO Rel-8
· CM-preserving codebook A (Table 2) without antenna group permutation: size = 16

· CM-preserving codebook B (Table 3) without antenna group permutation: size = 20

The rank is fixed to 2 for this comparison. The gain relative to the Householder codebook is also shown. Observe the following:

· Codebook B offers significant gain over codebook A. Since the difference in codebook size is small, the gain of codebook B over A can be attributed to the antenna group permutation (which results in a better distance property). 

· Codebook B is worse than the rank-2 DL Householder codebook by <1%.  

3. Conclusion

This contribution attempts to further progress on the design of the 4Tx UL SU-MIMO codebook for rank-1 and rank-2.  The proposed codebooks have the following characteristics:

· QPSK alphabet: beneficial for simplicity and computational complexity

· Rank-1: size-16 without antenna turn-off vectors (Table 1)

· Rank-2: size-20 CM-preserving with antenna permutation (Table 3)

Since the proposed codebook size for rank-3 is 16, the total codebook size is 53 without the antenna turn-off vectors. While it may not be necessary to incorporate only a few antenna turn-off vectors, up to 8 antenna turn-off vectors can be incorporated within the proposed design.
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Figure 2.Throughput comparison for rank-1 codebooks
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Figure 3.Throughput comparison for rank-2 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
	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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