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1. Introduction
So far, a lot of companies have given the contributions relevant to the codebook design for 4x4 UL-MIMO.  Based on all those works, in the last Shenzhen meeting, a conclusion on rank-3 codebook design for 4x4 UL-MIMO was drew [1], that
· Non-zero elements from BPSK/QPSK alphabet
· Try to jointly assess CM property and performance. 

· Power constraint per antenna pending RAN4 response

· Provide CDF of transmit power as e.g. done in R1-093056

· Codebook size: 20
In this contribution, we try to make a further investigation on the rank-3 codebook design, and give a reasonable solution if rank-3 codebook design is involved in a fashion by means of combining CMF and CMP [2][3].
2. Discussion on both CMF and CMP based Rank-3 Precoding

2.1. Antenna Element Indexing
Figure 1 depicts the antenna element indexing that behaves cross polarization with four antenna elements. Throughout the contribution, this antenna configuration is utilized for our simulation.  
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Figure 1: Antenna Element Indexing
2.2. CMF-LPB precoding
In general, on one hand, a rank-3 CM-friendly precoding matrix can be written as
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where 
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 is the row permutation matrix,  {x, y, z}∈{+1, -1, +j, -j}, for QPSK alphabet, and
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 is the power normalization matrix,
and 
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 is the power distribution matrix.  
2.3. CMP-LPU precoding
On the other hand, rank-3 CM-Preserving precoding matrix can be written as
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where 
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 is the row permutation matrix, x∈{+1, -1, +j, -j}, for QPSK alphabet, and
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 is the power normalization matrix,

and 
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 is the power distribution matrix.
3. Codebook Size of CMF Part and CMP Part for Rank-3 Precoding
If the rank-3 codebook is formed by means of combining CMF and CMP, the codebook sizes for CMF part and CMP part should be carefully designed.  The size of the CMP part should be a reasonable number that the UE can transmit  signals with high efficiency in case that the UE is in the power limitation situation, while in normal power unlimited situation, there is no much throughput impairment due to the combination manner. In our major code design, we attempt to harmonize the transmit efficiency and system fairness, and figure out a reasonable codebook size once the total number of codebook size is fixed (e.g., 20).
A reasonable metric that can be used to decide the codebook size for both CMF and CMP is the codebook efficiency [4].
The precoding codebook efficiency is defined as,
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where 
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 is the throughput using the size-n codebook, 
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 is the throughput using the maximum size codebook.

Figure 2 shows the CMF codebook efficiency and further details are listed in Table 1. 
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Figure 2: CMF based Rank-3 Precoding Efficiency, QPSK Alphabet
Table 1: CMF based Rank-3 Precoding Efficiency, QPSK Alphabet
	CodebookSize
	1
	2
	3
	4
	5
	6
	7
	8

	Efficiency
	0.7776
	0.8599
	0.8953
	0.9161
	0.9223
	0.9280
	0.9335
	0.9388

	CodebookSize
	9
	10
	11
	12
	13
	14
	15
	16

	Efficiency
	0.9421
	0.9453
	0.9483
	0.9512
	0.9533
	0.9552
	0.9572
	0.9590

	CodebookSize
	17
	18
	19
	20
	21
	22
	23
	24

	Efficiency
	0.9602
	0.9613
	0.9624
	0.9635
	0.9645
	0.9654
	0.9663
	0.9672


Similarly, Figure 3 shows the CMP codebook efficiency, and the further details are listed in Table 2. 
[image: image14.emf]0 1 2 3 4 5 6 7 8 910111213141516171819202122232425

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

Codebook Size

Codebook Efficiency

CMP Codebook efficiency


Figure 3: CMP based Rank-3 Precoding Efficiency, QPSK Alphabet
Table 2: CMP based Rank-3 Precoding Efficiency, QPSK Alphabet
	CodebookSize
	1
	2
	3
	4
	5
	6
	7
	8

	Efficiency
	0.8050
	0.8940
	0.9290
	0.9512
	0.9570
	0.9626
	0.9680
	0.9731

	CodebookSize
	9
	10
	11
	12
	13
	14
	15
	16

	Efficiency
	0.9762
	0.9793
	0.9822
	0.9852
	0.9867
	0.9883
	0.9898
	0.9913

	CodebookSize
	17
	18
	19
	20
	21
	22
	23
	24

	Efficiency
	0.9926
	0.9938
	0.9950
	0.9962
	0.9971
	0.9981
	0.9991
	1.0000


Obviously, size-15 for CMF codebook and size-5 for CMP codebook show almost the same codebook efficiency, which means that weather or not the UE is in power limitation situation, the codebook can show almost the same precoding performance.
Appendix 6.2 gives some other well designed codebooks using different CMF matrices size and CMP matrices size.
4. Performance Investigation
In this section, we mainly investigate the system performance by comparing three codebook scenarios; they are CMF based codebook, CMP based codebook and its combination with the codebook size of 5 and 15. We give designed codebooks relying on a near exhaustive searching manner, whereby a detailed simulation results are demonstrated.
4.1. Codebook Designs
Table 3, Table 4 and Table 5 give the size-20 CMF codebook, CMP codebook and a combined codebook consisting of 15 CMF-LPB matrices and 5 CMP-LPU matrices, respectively. The all listed codebooks are well designed according to a near exhaustive searching manner.
Table 3: CMF-LPB Codebook [4]
	CMF Rank-3 codebook

· Size = 20
· Minimum chordal distance = 0.2357
· Power distribution matrix
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Table 4: CMP-LPU Codebook
	CMP Rank-3 codebook

· Size = 20
· Power distribution matrix
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	Index 8 to 11
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Table 5: Combined Codebook Using 15 CMF-LPB Matrices and 5 CMP-LPU Matrices
	CMF and CMP United Rank-3 codebook

· Size = 20
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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4.2. Simulation Results
Figure 4 describes the throughput comparison by implementing three defined codebooks listed in Table 3, Table 4 and Table 5, respectively. Furthermore, Table 6 and Table 7 summarize the performance gain.
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Figure 4: Throughput Compare between Codebooks Proposed in 4.1
Table 6: Throughput Increase of CMF Codebook over CMP Codebook
	SNR(dB)
	5
	7
	9
	11
	13
	15
	17
	19

	Throughput Increase (%)
	3.9874
	4.2395
	3.9205
	3.4661
	3.3086
	3.1032
	2.5214
	1.7247


Table 7: Throughput Increase of CMF Codebook over Combined Codebook
	SNR(dB)
	5
	7
	9
	11
	13
	15
	17
	19

	Throughput Increase (%)
	1.0562
	0.6174
	0.3984
	0.2822
	0.1119
	0.0735
	0.1781
	0.1820


From Table 6 and Table 7, it can be clearly observed that the CMF-LPB codebook results in 3-5% better performance than CMP-LPU codebook while the throughput impairment of the combined codebook compared to the pure CMF codebook is marginal.
5. Conclusions

In this contribution, we have investigated system performance according to three well designed rank-3 codebooks; i.e., CMF-LPB based codebook, CMP-LPU based codebook, and its combination. From the performance perspective, in LTE-A UL-MIMO, a proper choice for rank-3 codebook should be either pure CMF-LPB or the combined codebook between CMF-LPB and CMP-LPU. As a consequence, our suggestion is as follows;

· Taking pure CMF-LPB codebook listed in Table 3 as a baseline codebook for further performance investigation.
· Alternatively, a combined codebook may be a better compromising version. The codebook size of 15 CMF-LPB matrices and 5 CMP-LPU matrices listed in Table 5 could be chosen as a baseline for further performance investigation.
6. Appendix
6.1. Link Level Simulation
The relevant link level simulation assumptions are listed in Table 8
Table 8: link level simulation assumptions.
	Parameter 
	Explanation/Assumption

	Bandwidth
	5 MHz

	Antennas Configurations
	4x4

	Receiver Type
	LMMSE

	Fading model
	3 Kmph ITU-VA 6 delay profile

	Spatial channel model
	1) Tx and Rx correlation = 0 
2) System-level SCM Urban Macro
2 pairs of XP antennas
Tx separated by 
[image: image100.wmf]l

/2
Rx separated by 4
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	MCS Set
	MCS 0-27

	Coding Scheme
	Turbo Coding

	Allocated RBs
	4

	HARQ scheme
	4

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of useful sub-carriers
	300

	Number of OFDMA symbols per TTI
	14

	Number of sub-carriers per RB
	12

	Overhead
	3 symbols

	Processing delay 
	4 subframe (4ms)

	Channel estimation for demodulation
	Ideal 


6.2. Combined Codebook using CMF matrices and CMP matrices
The following tables file gives 9 combined codebook using CMF matrices and CMP matrices for different CMF and CMP size, which are {10,10}, {11,9}, {12,8}, {13,7}, {14,6}, {16,4}, {17,3}, {18,2} and {19,1}.
	CMF and CMP United Rank-3 codebook

· CMF Size = 10, CMP Size=10
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 11, CMP Size=9
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 12, CMP Size=8
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 13, CMP Size=7
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 14, CMP Size=6
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 16, CMP Size=4
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 17, CMP Size=3
· Power distribution matrix for CMF based precoding matrix

[image: image354.wmf]1

1

00

23

1

00

6

1

00

6

éù

êú

êú

L=

êú

êú

êú

êú

ëû


· Power distribution matrix for CMP based precoding matrix
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	CMF and CMP United Rank-3 codebook

· CMF Size = 18, CMP Size=2
· Power distribution matrix for CMF based precoding matrix

[image: image396.wmf]1

1

00

23

1

00

6

1

00

6

éù

êú

êú

L=

êú

êú

êú

êú

ëû


· Power distribution matrix for CMP based precoding matrix
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	Index 8 to 11
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	Index 12 to 15
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	Index 16 to 19
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	CMF and CMP United Rank-3 codebook

· CMF Size = 19, CMP Size=1
· Power distribution matrix for CMF based precoding matrix
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· Power distribution matrix for CMP based precoding matrix
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	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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	Index 16 to 19
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