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1 Introduction

The codebook(s) for 4 transmit antennas should be designed based on performance and complexity, as agreed in [1]. Some desirable properties of the codebook are:

1. Low complexity codebook design can be attained by choosing the elements of each matrix/vector from a small set. An example of the small set is the 4-alphabet size {±1, ±j}. This avoids the need for computing matrix multiplication. In Kobe, the largest alphabet was decided to be 8PSK.

2. A nested property further reduces complexity of CQI calculation when rank adaptation is performed. Moreover it enables to perform rank-overriding.

3. Codebook design with constant modulus (CM) property is beneficial for avoiding unnecessary increase in PAPR. On the e-mail reflector, the CM criterion was agreed as the baseline to ensure PA balance, but there is still room for non-CM designs as long as PA balance can be achieved as well. The PA balance was defined such that for a given precoder matrix, the average power per physical antenna is the same for antenna 1,2,3 and 4.
Note also that it was decided in Kobe meeting to have maximum two codebooks in LTE. Indeed some companies are open to have two codebooks, one tailored for single-polarized configurations, while the other codebook would be tailored for dual-polarized scenarios. The following ways forwards [1,4,5] were proposed in Kobe but no agreement could be found. 

In order to decide upon 4Tx codebooks in Orlando meeting, it was decided to share the new codebooks on the reflector to leave some time for all companies to evaluate them. The following codebooks have been shared on the reflector:

1) Samsung proposals (respectively denoted as Samsung codebook 1 and Samsung codebook 2)

2) TI et al proposal [6] (denoted as CMHH or TI et al. codebook)

3) Ericsson proposal [7] (denoted as Ericsson “large spacing” codebook and Ericsson “small spacing” codebook)

4) ZTE proposal [8] (denoted as ZTE codebook)

5) Alcatel-Lucent proposal [9]

In this contribution, we analyze and compare the performance of those codebooks. Samsung codebooks are provided in the appendix.
The structure of this document is as follows: In Section 2 we summarize our main conclusions. In Section 3 we perform a theoretical analysis of the discussed codebooks. In Section 4 we do a complexity analysis, and in Section 5 we do a numerical analysis. The details of all the simulations are in the appendices.

2 Conclusions

The following points summarize our observations regarding the codebooks shared on the reflector:

1. Complexity: We do not see any complexity difference between CMHH codebook and Samsung codebook 1 in terms of CQI calculation. However, Samsung codebook 1 is based on 7 matrices and therefore requires only about half of the memory space of TI et al’ codebook (based on 16 matrices) to store the 4x4 matrices. On top of this, it also implies that rank 4 transmission requires smaller overhead on both the uplink and the downlink with Samsung codebook 1. Samsung codebook 2 has the lowest complexity as it is exclusively based on QPSK alphabet and only require 6 matrices (almost 1/3 of TI memory requirement)

2. Performance: 

In single polarized configurations, we cannot see any significant difference between CMHH codebook and Samsung codebook 1. The gap between those two codebooks is lower than 0.4%. Codebook 2 has been primarily optimized for dual-polarized scenarios. However its performance is shown to be also excellent in single-polarized scenarios and comparable with TI and Codebook 1. It is slightly outperformed by those codebooks in scenarios 1 and 2 (<1%) but outperforms both codebooks in scenarios 3 (<2%). Ericsson codebooks show on average the lowest performance.

In dual-polarized channels, Samsung codebook 1 and CMHH codebook show similar performance (performance gap lower than 0.4%). Samsung codebook 2 outperforms those two codebooks in small spacing configurations by about 1.5% (scenarios 4 and 6) and is outperformed in larger spacing scenarios (5 and 7) by about 0.5%. Ericsson codebooks show the lowest performance.

Samsung codebook 2 shows gain over other codebooks in single-polarized and dual-polarized scenarios at low geometry (0-10 dB).

3. Robustness: We believe based on our analysis in Section 3.2 that all codebooks have a very good spatial sampling and show a very good robustness in correlated single-polarized channels

4. Theoretical Chordal Distance: We show in Section 3.1 that CMHH and Samsung codebook 1 have the same minimum chordal distance for Rank 1, 2 and Rank 3. Ericsson codebooks for large spacing has the same minimum chordal distance as Samsung codebook 2 but uses a smaller number of precoders for rank 1. 

We recommend the use of codebook 1 as described in Section 7.1 for single-polarized configurations (for its very strong robustness in uncorrelated and correlated channels, its nested property and its small memory space requirement and lower overhead for rank 4 transmission) and codebook 2 as described in Section 7.2 for dual-polarized configurations (for its excellent performance in dual-polarized channels, its nested property and its very low complexity) in LTE.

In the case a single codebook is finally decided, we recommend the use of codebook 2 for all configurations as its performance in dual-polarized and single-polarized scenarios are excellent, comparable to TI and Samsung codebook 1 (and even better in many scenarios) and since its complexity is significantly lower than all other codebooks (thanks to its QPSK alphabet and its small memory space requirements).

Additionaly, since CMHH, Ericsson and Samsung codebooks all contain rotated (or hidden) block diagonal precoders and the node B has the flexibility to use only a subset of the codebook, we should let the node-B know which part of the codebook has the hidden block diagonal structure, so that node-B can choose these rotated block diagonal subset when the channel condition is amenable (e.g. +/-45 dual-polarized node-B with large and small spacing in large cells). Conversely the node-B may want to pick only the non-hidden block diagonal part when the channel is favorable to the block diagonal matrices (e.g. +/-45 dual-polarized node-B with small cell or LOS, VH node-B ,…).
3 Theoretical Performance Analysis
We compare performance of aforementioned codebooks based on theoretical analysis for uncorrelated and correlated channels. We also highlight some block diagonal structure in some of the proposed codebooks.

3.1 Uncorrelated channels

Table 1 compares codebooks performance based on theoretical considerations. The minimum chordal distances achieved by each codebook for rank 1, 2 and 3 are calculated. Some conclusions are as follows:

· Samsung codebook 1 and CMHH codebook exhibit the largest distances. 

· Ericsson “large spacing” and Samsung 2 codebook exhibit a minimum chordal distance of 0 for rank 3. However the distance spectrum of both codebooks are pretty good. Also TI and Samsung codebooks achieve the same chordal distance as Ericsson codebook for rank 1 but with a larger number of precoders (16 vs. 12). 

· ZTE codebook achieves chordal distances much lower than all other codebooks.

Table 1 Comparisons of codebook 1, codebook 2 and R1-071799 codebook in terms of minimum chordal distance for ranks 1 to 3.

	
	
	Rank 1
	Rank 2
	Rank 3

	Samsung CB 1
	(16,16,16,7) precoders
	0.7071
	1
	0.7071

	Samsung CB 2
	(16,16,16,6) precoders
	0.7071
	0.7071
	0

	CMHH
	(16,16,16,16) precoders
	0.7071
	1 
	0.7071

	Ericsson small spacing
	(12,16)
	0.7071 (for 12 precoders)
	0.8040
	n/a

	Ericsson large spacing
	(12,16,16,8)
	0.7071 (for 12 precoders)
	0.7071
	0

	ZTE
	(16,16,16,15)
	0.3827
	0.5412
	0.3827


3.2 Correlated channels

In the presence of calibrated antenna arrays, we evaluate the distance metric in (1) as a measure of the robustness of codebooks in correlated channels.
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for a linear array. wk is a precoder in rank-1 codebook.
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Figure 1 Comparison of the robustness Gd of unconstrained DFT codebook, codebook 1, codebook 2 and R1-071799 codebook in correlated channels. 

Figure 1 suggests that

· All codebooks based on 8PSK (CMHH, Ericsson codebooks, Samsung codebook 1 and ZTE) have the same spatial sampling for ULA configurations.
· Samsung codebook 2, being QPSK, achieves a slightly lower Gd for some directions of departure.
3.3 Dual-polarized channels

The usefulness of block diagonal precoders in dual-polarized scenarios has been highlighted several times in the last 2-3 meetings [3]. It is interesting to note that all codebooks proposed by Samsung, Ericsson and TI can be expressed as a product of a rotation matrix (used to make the codebook CM) by a block diagonal precoder. The rotation matrix is used to make the codebook CM and cancels the rotation in the channel for +/-45 node B configuration, making the channel “precoder * +/45 channel” equivalent to “diagonal precoder * VH channel “. The block diagonal precoder therefore provides all performance gain by matching very efficiently to the VH channel realization. However performance gain provided by the rotated block diagonal precoder is only possible in +/-45 node B configurations, not in VH node B configurations.

The block diagonal precoding structure in Samsung codebook 1 and 2 are quite obvious from the appendix. The same property (and the same block diagonal precoders) can be found in Ericsson codebooks. In TI codebook, we can easily write the following equalities.

Defining the rotation matrix (as in Samsung codebook 1 and 2) as
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we can re-write TI codebook matrices as follows:
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with for example the following precoders
· Rank 1: 
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· Rank 2: 
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· Rank 3: 
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Since Samsung codebooks 1 and 2, Ericsson codebooks and CMHH codebooks fundamentally rely on the block diagonal precoders to improve their performance in dual-polarized channels, good performance for all those codebooks are expected. The difference in performance comes from the number of block diagonal precoders, being slightly larger for Samsung codebook 2.

Additionaly since the node B has the opportunity to select a subset of the codebook, a subset made of only the rotated block diagonal precoders may provide all performance gain in many scenarios. As an example, configurations where the spacing between dual-pol antennas in small or in the case of non-uniform spacing, the rotated block diagonal precoders provide most of the gain. Additional scenarios are small/large cells where users experience dominant components. Expressing the precoders as a product of a rotation and the block diagonal precoders is necessary if we want to leave the flexibility to the nodeB to remove the rotation in some favorable scenarios. Typically if there is a large number of users, it may not be necessary to constrain a precoder to be CM if the UE scheduling can provide balanced PAs. This will provide additional gains in VH configurations where the use of CM precoders is a big constraint in achieving additional gains [3 and references therein]. 
4 Complexity Analysis
As detailed in [4], both DFT and HH codebooks can reduce their complexity by the use of a constrained alphabet and a nested property. QPSK is a particularly efficient alphabet as it totally suppresses the need for complex multiplications. As long as DFT and HH codebooks are based on QPSK, both approaches have the same complexity [4]. Therefore it was concluded that a Householder structure is only a constraint and not a benefit. 
For larger alphabet, relying on [1,2] and references therein, it is shown that for a given precoder, HH could further reduce the number of complex multiplications compared to DFT, making it less complex than a DFT codebook with the same alphabet. On the other hand, the use of HH requires to store a larger number of matrices.

If we can rely on those previous works, among codebooks that have been submitted for single-polarized configurations (CMHH, Samsung codebook 1 and ZTE),

· TI codebook uses 16 matrices. Among them, 4 are 8PSK-based and 14 are QPSK-based. As long as the Householder structure is exploited in the calculation of CQI, the nested property is achieved as all operations rely on the vector codebook u used to build HH matrices.

· ZTE uses only 5 matrices. However HH is applied on QPSK vectors, rather than on 8PSK vectors. Therefore the use of HH is not really motivated in this codebook from a complexity reduction point of view. 

· Samsung codebook 1 has 7 matrices and only applies HH to 8PSK vectors to reduce complexity. The nested property for CQI calculation is achieved as all calculations required for a given rank can exploit operations performed for rank 1 codebook.

· Samsung codebook 2 has 6 matrices that are all QPSK. The nested property is achieved.

· Ericsson codebooks are based on 1 8PSK and 3 QPSK matrices. The nested property is achieved. The use of only 12 precoders for rank 1 doesn’t reduce any feedback overhead, nor is the complexity of CQI calculation since the precoders that are not used in rank 1 codebook are still used in larger rank codebooks.

Therefore the significant difference in terms of complexity between TI et al. codebook and Samsung codebooks are:

· the memory requirements, being much lower for Samsung codebooks  (less than half for codebook 1 and about 1/3 for codebook 2).

· the overhead on the uplink and the downlink for rank 4 transmission is smaller.

· The complexity in CQI calculation is significantly smaller for codebook 2 thanks to the QPSK alphabet.

Samsung codebook 2 has the lowest complexity among all proposed codebooks.

5 Numerical Performance Analysis
We study the performance of the following 5 codebooks in the single-polarized and multi-polarized configurations:
1) Ericsson dual-polarized codebook 1 (designed for small pair-separation)
2) Ericsson dual-polarized codebook 2 (designed for small pair-separation)
3) TI HH codebook

4) Samsung codebook 1

5) Samsung codebook 2

We list the detailed simulation assumptions, parameters in Section 7.3.1. The absolute throughput and percentage throughput gains (w.r.t. Samsung codebook 1) are provided in the following tables for 4x2 configurations in all agreed scenarios. The relative gains are also displayed in Figures 3 to 9 in section 7.3.2 for better readability.

1. 4x2 single-polarized channels with small inter-element spacing (4 lambda)

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	7.0248

(-1.8074%)
	13.0033

(-1.1381%)
	21.7418

(0.1954%)
	32.6513

(-0.0239%)
	39.6477

(-0.0754%)

	Ericsson “large spacing”
	7.0214

(-1.8549%)
	12.9843

(-1.2826%)
	21.5900

(-0.5042%)
	32.5170

(-0.4351%)
	39.6249

(-0.1328%)

	CMHH
	7.1555

(0.0196%)
	13.1105

(-0.3231%)
	21.6488

(-0.2332)
	32.6592

(0.0003%)
	39.6416

(-0.0907%)

	Samsung 1
	7.1541
	13.1530
	21.6994
	32.6591
	39.6776

	Samsung 2
	7.0620

(-1.2874%)
	13.0846

(-0.5200%)
	21.4911

(-0.9599%)
	32.4918

(-0.5123%)
	39.6302

(-0.1195%)


2. 4x2 single-polarized channels with large inter-element spacing (10 lambda):

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	6.8532

(-1.4311%)
	12.7581

(-0.7924%)
	21.3954

(-0.5665%)
	32.5284

(-0.2242%)
	39.7896

(0.0646%)

	Ericsson “large spacing”
	6.8527

(-1.4383%)
	12.7366

(-0.9596%)
	21.3239

(-0.8988%)
	32.4139

(-0.5754%)
	39.7681

(0.0106%)

	CMHH
	6.9734

(0.2977%)
	12.8781

(0.1407%)
	21.4056

(-0.5191%)
	32.5508

(-0.1555%)
	39.7505

(-0.0337%)

	Samsung 1
	6.9527
	12.8600
	21.5173
	32.6015
	39.7639

	Samsung 2
	6.8959

(-0.8169%)
	12.7845

(-0.5871%)
	21.3534

(-0.7617%)
	32.3947

(-0.6343%)
	39.7365

(-0.0689%)


3. 4x2 single-polarized channels with non-uniform spacing ([0,0.5,9.5,10] lambda):

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	7.9691

(0.0364%)
	14.1208

(0.2656%)
	21.6047

(0.4067%)
	32.0057

(0.6358%)
	38.5251

(0.1391%)

	Ericsson “large spacing”
	7.9706

(0.0552%)
	14.0830

(-0.0028%)
	21.4966

(-0.0957%)
	31.8056

(0.0066%)
	38.4002

(-0.1856%)

	CMHH
	7.9696

(0.0427%)
	14.0777

(-0.0405%)
	21.5132

(-0.0186%)
	31.7978

(-0.0179%)
	38.4288

(-0.1113%)

	Samsung 1
	7.9662
	14.0834
	21.5172
	31.8035
	38.4716

	Samsung 2
	8.1068

(1.7650%)
	14.2185

(0.9593%)
	21.5893

(0.3351%)
	31.8050

(0.0047%)
	38.4290

(-0.1107%)


4. 4x2 +/-45 -> VH dual-polarized channels with small inter-element spacing (0.5 lambda)

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	8.0648

(-0.0979%)
	14.4557

(0.2622%)
	23.1039

(0.4129%)
	31.9719

(0.4449%)
	38.8590

(0.2177%)

	Ericsson “large spacing”
	8.0649

(-0.0966%)
	14.4121

(-0.0402%)
	23.0446

(0.1552%)
	31.8055

(-0.0779%)
	38.7513

(-0.0601%)

	CMHH
	8.0814

(0.1078%)
	14.4050

(-0.0895%)
	23.0074

(-0.0065%)
	31.8326

(0.0072%)
	38.7841

(0.0245%)

	Samsung 1
	8.0727
	14.4179
	23.0089
	31.8303
	38.7746

	Samsung 2
	8.1860

(1.4035%)
	14.5211

(0.7158%)
	23.0340

(0.1091%)
	31.8261

(-0.0132%)
	38.7470

(-0.0712%)


5. 4x2 +/-45 -> VH dual-polarized channels with large inter-element spacing (10 lambda)

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	6.9489

(-1.1621%)
	13.3977

(-0.8210%)
	22.8034

(-0.8095%)
	32.8949

(-0.3200%)
	39.6479

(-0.1810%)

	Ericsson “large spacing”
	6.9435

(-1.2389%)
	13.4203

(-0.6537%)
	22.8538

(-0.5903%)
	32.8150

(-0.5621%)
	39.6473

(-0.1825%)

	CMHH
	7.0346

(0.0569%)
	13.5064

(-0.0163%)
	22.9502

(-0.1709%)
	32.9456

(-0.1664%)
	39.6899

(-0.0753%)

	Samsung 1
	7.0306
	13.5086
	22.9895
	33.0005
	39.7198

	Samsung 2
	7.0088

(-0.3101%)
	13.4438

(-0.4797%)
	22.9200

(-0.3023%)
	32.8357

(-0.4994%)
	39.6677

(-0.1312%)


6. 4x2 VH -> VH dual-polarized channels with small inter-element spacing (0.5 lambda)

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	6.7361

(-0.0223%)
	12.5803

(0.2358%)
	20.5442

(0.6220%)
	30.7947

(0.1858%)
	38.3916

(0.3293%)

	Ericsson “large spacing”
	6.7333

(-0.0638%)
	12.5579

(0.0574%)
	20.4484

(0.1528%)
	30.6821

(-0.1806%)
	38.2695

(0.0102%)

	CMHH
	6.7415

(0.0579%)
	12.5739

(0.1849%)
	20.4448

(0.1352%)
	30.7323

(-0.0172%)
	38.2752

(0.0251%)

	Samsung 1
	6.7376
	12.5507
	20.4172
	30.7376
	38.2656

	Samsung 2
	6.8398

(1.5169%)
	12.6455

(0.7553%)
	20.4751

(0.2836%)
	30.6844

(-0.1731%)
	38.2557

(-0.0259%)


7. 4x2 VH -> VH dual-polarized channels with large inter-element spacing (10 lambda)

	
	0 dB
	5 dB
	10 dB
	15 dB
	20 dB

	Ericsson “small spacing”
	5.7509

(-1.7243%)
	11.4570

(-0.7665%)
	19.9257

(-0.1913%)
	31.6117

(-0.0161%)
	39.3179

(0.0914%)

	Ericsson “large spacing”
	5.7436

(-1.8490%)
	11.4383

(-0.9285%)
	19.8878

(-0.3812%)
	31.5218

(-0.3005%)
	39.2658

(-0.0412%)

	CMHH
	5.8577

(0.1008%)
	11.5717

(0.2269%)
	20.0327

(0.3446%)
	31.6793

(0.1977%)
	39.3024

(0.0519%)

	Samsung 1
	5.8518
	11.5455
	19.9639
	31.6168
	39.2820

	Samsung 2
	5.8193

(-0.5554%)
	11.5184

(-0.2347%)
	19.8628

(-0.5064%)
	31.5120

(-0.3315%)
	39.2150

(-0.1706%)


From all those tables, it is clear that the gap between TI codebook and Samsung codebook 1 is very small in all simulated scenarios (<0.3-0.4%). Samsung codebook 2 shows on the other hand additional gains over TI and codebook 1 (1.5%-2%) in some configurations (single polarized with non-uniform spacing, dual polarized with small spacing). In other scenarios, codebook 2 shows some loss w.r.t to those codebooks that are always smaller than <1%. Ericsson codebooks show slightly lower performance. 

6 References
[1] Texas Instruments et al., R1-072597, “Way Forward on 4Tx antenna codebook for SU-MIMO” 3GPP TSG RAN WG1 #49, Kobe, Japan, USA, March 26-30, 2007.
[2] Texas Instruments, R1-062016, “Codebook design for E-UTRA MIMO Precoding” 3GPP TSG RAN WG1 #46, Tallinn, Estonia, August 28 - September 1, 2006.
[3] Samsung et al., R1-072235  “Codebook design for 4Tx SU-MIMO”, 3GPP TSG RAN WG1 #49, Kobe, Japan, May 7-11, 2007.
[4] Samsung et al., R1-072582 “Way forward on SU-MIMO codebook design for 4Tx dual polarized antennas”, 3GPP TSG RAN WG1 #49, Kobe, Japan, May 7-11, 2007.
[5] Samsung et al., R1-072581 “Way forward on codebook design for 4Tx SU MIMO”, 3GPP TSG RAN WG1 #49, Kobe, Japan, May 7-11, 2007.
[6] Texas Instruments et al, R1-072843, “Way forward on 4-Tx antenna codebook for SU-MIMO” 3GPP TSG RAN WG1 #49bis, Kobe, Japan, USA, June 25-29, 2007.
[7] Ericsson, R1-073045 “4-Tx precoding codebooks for polarized antenna setup in LTE DL” 3GPP TSG RAN WG1 #49bis, Kobe, Japan, USA, June 25-29, 2007.
[8] ZTE, R1-072913 “4-Tx antenna codebook for SU-MIMO” 3GPP TSG RAN WG1 #49bis, Kobe, Japan, USA, June 25-29, 2007.
[9] Alcatel-Lucent, R1-072658 “Codebook aspects for DL SU-MIMO schemes for cross-polarized antennas”, 3GPP TSG RAN WG1 #49bis, Kobe, Japan, USA, June 25-29, 2007.
7 Appendices

7.1 Codebook 1: DFT+HH codebook with 8PSK alphabet
Here we propose a DFT and HH-based codebook with 8PSK Alphabet. The chordal distances of rank1/2/3 are optimized by diagonal matrices selection and mapping rule from matrix to transmit codebook.

7.1.1 Matrix codebook
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Let us define 
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7.1.2 Mapping from Matrix codebook to transmit codebook

Rank adaptation should be used to improve the communication quality of low geometry UEs. Consequently, we need a rule to map from square matrix codebook to transmit codebook (vector, or vector pairs) to incorporate rank adaptation. The mapping given as follows in Table 3 is recommended.
Table 3 Codebook 1

	Transmit Codebook index
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	1
	W1(:,1) 
	W1(:,12) 
	W1(:,123) 
	W1(:,1234) 

	2
	W1(:,2) 
	W1(:,13) 
	W1(:,124) 
	W2(:,1234) 

	3
	W1(:,3) 
	W1(:,14) 
	W1(:,134) 
	W3(:,1234) 

	4
	W1(:,4) 
	W1(:,23) 
	W1(:,234) 
	W4(:,1234) 

	5
	W2(:,1) 
	W1(:,24) 
	W2(:,123) 
	W5(:,1234) 

	6
	W2(:,2) 
	W1(:,34) 
	W2(:,124) 
	W6(:,1234) 

	7
	W2(:,3) 
	W2(:,13) 
	W2(:,134) 
	W7(:,1234) 

	8
	W2(:,4) 
	W2(:,14) 
	W2(:,234) 
	n/a

	9
	W3(:,1) 
	W2(:,23) 
	W3(:,123) 
	n/a

	10
	W3(:,2) 
	W2(:,24) 
	W3(:,124) 
	n/a

	11
	W3(:,3)

	W3(:,13) 
	W3(:,134) 
	n/a

	12
	W3(:,4) 
	W3(:,24) 
	W3(:,234) 
	n/a

	13
	W4(:,1) 
	W4(:,14) 
	W4(:,124) 
	n/a

	14
	W5(:,1) 
	W5(:,14) 
	W5(:,124) 
	n/a

	15
	W6(:,1) 
	W6(:,14) 
	W6(:,124) 
	n/a

	16
	W7(:,1) 
	W7(:,14) 
	W7(:,124) 
	n/a


7.2 Codebook 2: DFT codebook with QPSK Alphabet & block diagonal structure

Here we propose a block diagonal DFT based codebook with {±1,±j} Alphabet. The chordal distances of rank 1,2 are optimized by diagonal matrices selection and mapping rule from matrix to transmit codebook. The codebook is partly build based on the 2Tx codebook already decided in LTE. Note that the labeling of the antennas is assumed to be such that rows 1 and 2 of the following matrices correspond to one polarization and rows 3 and 4 correspond to the other polarization.

7.2.1 Matrix codebook

Let us define the rotation matrix 
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7.2.2 Mapping from Matrix codebook to transmit codebook

Rank adaptation should be used to improve the communication quality of low geometry UEs. Consequently, we need a rule to map from square matrix codebook to transmit codebook (vector, or vector pairs) to incorporate rank adaptation. The mapping given as follows in Table 4 is recommended.

Table 4 Codebook 2

	Transmit Codebook index
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	1
	W1(:,2)
	W1(:,12) 
	W1(:,123) 
	W1(:,1234) 

	2
	W1(:,3)
	W1(:,13) 
	W1(:,124) 
	W2(:,1234) 

	3
	W1(:,4)
	W1(:,14) 
	W1(:,134) 
	W3(:,1234) 

	4
	W2(:,2)
	W1(:,23) 
	W1(:,234) 
	W4(:,1234) 

	5
	W2(:,3) 
	W1(:,24) 
	W2(:,123) 
	W5(:,1234) 

	6
	W2(:,4)
	W1(:,34) 
	W2(:,124) 
	W6(:,1234) 

	7
	W3(:,1)
	W2(:,13) 
	W2(:,134) 
	n/a

	8
	W4(:,1)
	W2(:,14) 
	W2(:,234) 
	n/a

	9
	W5(:,1) 
	W2(:,23) 
	W3(:,123) 
	n/a

	10
	W5(:,2) 
	W2(:,24) 
	W3(:,134) 
	n/a

	11
	W5(:,3)

	W3(:,13) 
	W4(:,123) 
	n/a

	12
	W5(:,4) 
	W3(:,14) 
	W4(:,134) 
	n/a

	13
	W6(:,1) 
	W4(:,13) 
	W5(:,123) 
	n/a

	14
	W6(:,2) 
	W4(:,14) 
	W5(:,134) 
	n/a

	15
	W6(:,3) 
	W5(:,13) 
	W6(:,124) 
	n/a

	16
	W6(:,4) 
	W6(:,14) 
	W6(:,134) 
	n/a


It is worth noting that some columns are the same in the matrix codebook: W1(:,1) = W3(:,1), W1(:,2) = W3(:,2), W1(:,3) = W4(:,3), W1(:,4) = W4(:,4), W2(:,1) = W4(:,1), W2(:,2) = W4(:,2), W2(:,3) = W3(:,3), W2(:,4) = W3(:,4).
7.3 Numerical Results

7.3.1 Simulation assumptions in single-polarized channels
The detailed link simulation parameters and assumptions are given in Table . 

Table 5 Simulation assumptions

	Parameter
	Value

	Transmission  Bandwidth
	5 MHz

	NFFT
	512

	Usable sub-carriers
	300

	Sub-carrier spacing
	15 kHz

	Subframe  duration
	1ms

	Carrier frequency
	2.0 GHz

	Resource Block size (RB)
	12 tones

	SubBand Sizes
	5RB’s 

	Channel Model
	SCM-E

	Antenna spacing
	10*Lambda , 4 Lambda, 0.5 Lambda

	Mobile Speed
	3 Km/Hr

	Target FER
	10%

	MCS Levels
	QPSK (R = 1/3,2/5,1/2,3/5,2/3, 3/4,4/5)

16QAM (R = 1/2,3/5,2/3,3/4, 4/5)

64QAM (R = 3/5,2/3,3/4,4/5)

	HARQ
	Chase Combining, max 6 transmissions

	Feedback delay
	3 TTI

	Receiver
	MMSE

	Number of TXxRX antenna configurations
	4x2 

	SubBand size for CQI reporting, Rank adaption, Precoder selection and scheduling
	5RB’s

	Channel Estimation
	Ideal

	Geometry
	0~20dB

	CodeBook Size
	4bits


7.3.2 Results in single-polarized and dual-polarized channels

We evaluate the performance of the codebooks in the agreed simulation scenarios:
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Figure 3 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 1
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Figure 4 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 2
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Figure 5 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 3
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Figure 6 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 4
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Figure 7 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 5
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Figure 8 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 6
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Figure 9 Throughput comparison of SU-MIMO with various codebooks, 4x2, scenario 7
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