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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 [2]-[10].  Based on all those works, in the last LA meeting, a conclusion on precoding codebook design for 4x4 UL-MIMO was drew [1], where,

Rank-1

· Decision: 

· Size-24: 16 constant modulus + 8 antenna-pair turn-off vectors 

· QPSK alphabet for rank-1 precoding proposals other than the rank-1 precoding specified in LTE Rel-8

· For further discussion: Rank-1 codebook in 2940 as baseline pending confirmation on the performance

· Final conclusion to be captured into the TR will be made in the next meeting

· Discuss further the relationship between the precoding and the power control

Rank-2

· Decision: 

· Size-16: CM-preserving matrices

· QPSK alphabet

· For further discussion: Rank-2 codebook in 2940 as baseline pending confirmation on the performance

· Final conclusion to be captured into the TR will be made in the next meeting
Rank-3

· Continue discussion taking into account 

· the impact on RS and related channel estimation/compensation performance

· impact on CM

· throughput
· coverage

· etc.
In this contribution, we give new designed rank-1 and rank-2 codebooks.  To sophisticatedly evaluate the performance, a comparison between the new rank-1/rank-2 codebook and the codebook described in R1-092940 is made. For more details, we examine the chordal distance spectrum and the system throughput performance for all the codebooks.

As a consequence, we find that the new designed rank-1 codebook is the same as that from R1-092924, whereas the new designed rank-2 codebook outperforms the codebook from R1-092940 both in terms of system throughput performance and the chordal distance spectrum.

Although the discussion of designing rank-1/rank-2 codebook as well as rank-3 codebook has been continued for several meetings, it is still an open issue needed to be consolidated in the next coming meeting.  In this contribution, we provide a solution as regard to the all rank codebooks. Among them, in addition, we give the rank-3 codebook based on the CMF technique.
2. Rank-1 Precoding Codebook
Rank-1 codebook has 24 precoding vectors; in which 8 precoding vectors are used for power-saving purpose and the 16 left precoding vectors are used for full power precoding purpose.  Nevertheless, our intention is to give a new designed full power precoding codebook.
Table 1 lists the rank-1 precoding codebook introduced in R1-092640, and Table 2 gives the chordal distance spectrum of the codebook.

Comparably, Table 3 lists the newly designed rank-1 precoding codebook and Table 4 gives the chordal distance spectrum of the codebook.
It is worthwhile noting that for clear notation in what follows, we simply indicate that
· Scheme I  for Rank-1 Precoding Codebook is related to the codebook introduced in  R1-092940
· Scheme II for Rank-1 Precoding Codebook is related to new designed codebook proposed in this contribution.
Table 1: Rank-1 Precoding Codebook, Scheme I
	Rank-1 codebook

· Size = 24

· Minimum chordal distance = 0.86603 (excluding the last 8 vectors)

	Index 0 to 7
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	Index 8 to 15
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	Index 16 to 23
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Table 2: Rank-1 Codebook Chordal Distance Spectrum, Scheme I
	Value
	Count
	Percent (%)

	0.86603
	96
	80

	1
	24
	20


Table 3: Rank-1 Precoding Codebook, Scheme II
	Rank-1 codebook

· Size = 24

· Minimum chordal distance = 0.86603 (excluding the last 8 vectors)

	Index 0 to 7
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	Index 8 to 15
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	Index 16 to 23
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Table 4: Rank-1 Codebook Chordal Distance Spectrum, Scheme II
	Value
	Count
	Percent (%)

	0.86603
	96
	80

	1
	24
	20


It is observed that the new designed codebook is the same as that introduced in R1-092940 besides the sequence of the precoding vectors.

3. Rank-2 Precoding Codebook

Rank-2 codebook has 16 precoding matrixes using the CMP technique.
Table 5 lists the rank-2 precoding codebook introduced in R1-092640 and  Table 6 gives the chordal distance spectrum of the codebook.

Comparably, Table 7 lists the newly designed rank-2 precoding codebook and Table 8 gives the chordal distance spectrum of the codebook. 
Table 5: Rank-2 Precoding Codebook, Scheme I
	Rank-2 codebook

· Size = 16
· Minimum chordal distance = 0.5

	Index 0 to 7
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	Index 8 to 15
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Table 6: Rank-2 Codebook Chordal Distance Spectrum, Scheme I
	Value
	Count
	Percent (%)

	0.5
	112
	93.33

	0.70711
	8
	6.67


Table 7: Rank-2 Precoding Codebook, Scheme II
	Rank-2 codebook

· Size = 16
· Minimum chordal distance = 0.5

	Index 0 to 7
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	Index 8 to 15
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Table 8: Rank-2 Codebook Chordal Distance Spectrum, Scheme II
	Value
	Count
	Percent (%)

	0.5
	109
	90.83

	0.61237
	8
	6.67

	0.70711
	3
	2.5


Having 16 precoding matrixes, the rank-2 codebook totally has 120 chordal distances.  It is observed that 93.33% of the chordal distances of scheme I codebook is 0.5, while the number for scheme II codebook is only 90.83%.  As a consequence, although both precoding codebook schemes have the same minimum chordal distance (0.5), the chordal distance spectrum of scheme II is better than that of the scheme I due to the less percentage of the minimum chordal distance.  
4. Rank-3 Precoding Codebook

The cubic metric as a method has been adopted in RAN1 discussion to determine PA power de-rating. A low CM (CM-preserving) is a reasonable criterion for the codebook design in the power limited scenario. However, high rank (rank 3 and 4) transmissions are typically not power-limited [11]. In other words, cubic metric preserving is not that critical for high rank codebook design.  Therefore, cubic metric friendly-CMF [12] was proposed as a codebook design criterion instead of cubic metric preserving-CMP.   Some relevant works [2, 9] demonstrated the performance of CMF based rank-3 codebook.
In current 4Tx precoding design, a 6-bit codebook is employed, resulting in 64 precoding matrixes as maximum. Thanks to the size-24 for rank-1 codebook, the size-16 for rank-2 codebook and the size-1 for rank-4 codebook which have been already fixed, there are 23 precoding matrixes in total remained for rank-3 precoding codebook.
Table 9 gives a CMF based size-20 rank-3 codebook with rank power scaling.
Table 10 gives the chordal distance spectrum of this rank-3 codebook.
Table 9: Rank-3 Precoding Codebook
	Rank-2 codebook

· Size = 20
· Minimum chordal distance = 0.2357
· 
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	Index 0 to 6
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	Index 7 to 13
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	Index 14 to 19
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Table 10: Rank-3 Codebook Chordal Distance Spectrum
	Value
	Count
	Percent (%)

	0.2357
	24
	12.63

	0.28868
	112
	58.95

	0.33333
	54
	28.42
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Figure 1: System Throughput Using All Rank Codebook with [16, 16, 20, 1] Size
Figure 1 shows the system throughput using rank-1/2/3 codebooks proposed in this contribution with the decided rank-4 codebook.
5. Throughput Comparison of Rank-1 and Rank-2 Codebook
 In codebook performance evaluation, we focus on the throughput comparison between the scheme I codebook and the scheme II codebook for rank-2.  There are two different comparison scenarios.  Comparison A only uses the rank-2 codebook, while comparison B uses both the rank-1 codebook and the rank-2 codebook.
Table 11, 12 and 13 compare the throughput performance for codebook scheme II, codebook scheme I, and throughput related gain for comparison A, respectively. Similarly, Table 14, 15 and 16 are for comparison B.
Table 11: Comparison A, Rank-2 codebook Scheme II Throughput
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Throuhgput(bit/s/Hz)
	1.0126
	1.2605
	1.5278
	1.8194
	2.1248
	2.4553
	2.8237

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Throuhgput(bit/s/Hz)
	3.2325
	3.6736
	4.1337
	4.5941
	5.0560
	5.5324
	6.0487

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Throuhgput(bit/s/Hz)
	6.6053
	7.1960
	7.8157
	8.4408
	9.0589
	9.6308
	10.0962


Table 12: Comparison A, Rank-2 codebook Scheme I Throughput
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Throuhgput(bit/s/Hz)
	1.0105
	1.2591
	1.5261
	1.8179
	2.1234
	2.4526
	2.8213

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Throuhgput(bit/s/Hz)
	3.2303
	3.6697
	4.1313
	4.5916
	5.0539
	5.5293
	6.0446

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Throuhgput(bit/s/Hz)
	6.6025
	7.1937
	7.8127
	8.4384
	9.0559
	9.6275
	10.0947


Table 13: Comparison A, throughput related gain.
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Increase(×0.1%)
	2.1376
	1.1091
	1.1243
	0.8504
	0.6666
	1.0802
	0.8448

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Increase(×0.1%)
	0.6897
	1.0603
	0.5884
	0.5381
	0.4158
	0.5672
	0.6804

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Increase(×0.1%)
	0.4216
	0.3253
	0.3907
	0.2792
	0.3336
	0.3358
	0.1534


Table 14: Comparison B, Rank-1 and Rank-2 codebook Scheme II Throughput
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Throuhgput(bit/s/Hz)
	1.2277
	1.4262
	1.6594
	1.9236
	2.2081
	2.5150
	2.8607

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Throuhgput(bit/s/Hz)
	3.2525
	3.6843
	4.1401
	4.5979
	5.0584
	5.5337
	6.0493

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Throuhgput(bit/s/Hz)
	6.6056
	7.1961
	7.8158
	8.4408
	9.0589
	9.6308
	10.0962


Table 15: Comparison B, Rank-1 and Rank-2 codebook Scheme I Throughput
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Throuhgput(bit/s/Hz)
	1.2276
	1.4258
	1.6589
	1.9235
	2.2074
	2.5138
	2.8589

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Throuhgput(bit/s/Hz)
	3.2509
	3.6808
	4.1379
	4.5956
	5.0564
	5.5305
	6.0452

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Throuhgput(bit/s/Hz)
	6.6028
	7.1938
	7.8127
	8.4384
	9.0559
	9.6275
	10.0947


Table 16: Comparison B, Throughput Increase
	SNR(dB)
	-5
	-4
	-3
	-2
	-1
	0
	1

	Increase(×0.1%)
	0.0696
	0.2726
	0.2999
	0.0571
	0.3189
	0.4622
	0.6362

	SNR(dB)
	2
	3
	4
	5
	6
	7
	8

	Increase(×0.1%)
	0.5136
	0.9479
	0.5277
	0.5143
	0.3967
	0.5699
	0.6818

	SNR(dB)
	9
	10
	11
	12
	13
	14
	15

	Increase(×0.1%)
	0.4219
	0.3241
	0.3913
	0.2792
	0.3336
	0.3358
	0.1534


From the results, one observation are clearly made that for both comparison A and comparison B, from the low SNR area (-5dB) to the high SNR area (15dB) with 1dB step, the scheme II codebook always outperforms the codebook introduced in R1-092940. This codebook gain is obtained owning to the better chordal distance spectrum.
6. Conclusions
Throughout the contribution, several conclusions may be made as follows:
· For rank-1, the codebook introduced in R1-092940 shows good performance. We unable to find a better codebook than that.
· For rank-2, the newly designed codebook outperforms the codebook introduced in R1-092940 in terms of throughput performance.
· For rank-3, CMF based codebook with size 20 is proposed. This codebook maintains a substantial codebook Chordal distance spectrum.
7. Appendix
The relevant link level simulation assumptions are listed in Table 18.

Table 17: 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
	Tx and Rx correlation = 0 

	MCS Set
	MCS 0-27

	Coding Scheme
	Turbo Coding

	Allocated RBs
	4

	HARQ scheme
	off

	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 
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