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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.

2. Codebook design with constant modulus property is beneficial for avoiding unnecessary increase in PAPR.
3. Including the identity matrix codebook (physical antenna selection) may be beneficial in some scenarios.. 
In [2], a codebook design combining Householder structure and identity matrix whose elements are constrained in the alphabet {0,±1, ±j} has been proposed to be adopted as the working assumption in LTE.
In this contribution, we analyze and compare the performance of this codebook with an alternative DFT based codebook. Due to some concerns about the codebook in [2], we propose a  more suitable codebook based on identity matrix and DFT matrices with a constrained alphabet. The details of this codebook is shown in Section 7.1. The Codebook proposed in [2] is denoted as R1-071799 codebook in the sequel.
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 analyses are in the appendices.

2 Conclusions

Our main concerns about the codebook in [2] can be summarized as follows
1. Complexity: We believe based on our analysis in Section 4 that Householder precoders when using a constrained alphabet do not help reducing any complexity in CQI calculations. Forcing a Householder form on the codebook is only a constraint and not a benefit.
2. Performance: We have shown in Section 5 in Figure 2 to Figure 7  that the performance degrades significantly in correlated fading environments.

3. Robustness: We believe based on our analysis in Section 3.2 that this codebook is optimized for certain Directions of Departure (DOD) and will perform very badly for other DOD’s.
4. Theoretical Chordal Distance: We show in Section 3.1 that this codebook has only a moderate chordal distance for Rank 1, 2 and Rank 3 in uncorrelated channels.

As a way forward we propose a different codebook (which we call codebook 1) which has none of these disadvantages. The proposed codebook consists of 3 rotated DFT matrices and 1 identity matrix as described in detail in Section 7.1. For the X-polarized antenna case we propose Codebook 2 consisting of 2 block diagonal matrices, 1 identity matrix and 1 DFT matrix as described in Section 7.2. In summary, the new codebook has these properties:
1. Complexity: We believe based on our analysis in Section 4 that codebooks 1&2 are fully nested and therefore the complexity for CQI calculation is very low. All the rank-n precoders are present in the rank-m precoders with m>n. Also all subsets of rank-m precoders are made of rank-n precoders. Therefore the UE will be able to reuse all calculations for rank n in rank m CQI calculations.
2. Performance: We show in Section 5 in Figure 2 to Figure 7  that the performance of codebooks 1&2 is always superior to the R1-071799  codebook.

3. Robustness: We believe based on our analysis in Section 3.2 that codebook 1 works well for all Directions of Departure (DOD) and will perform equally well for most DOD’s of interest.

4. Theoretical Chordal Distance: We show in Section 3.1 that codebooks 1&2 have large chordal distances for uncorrelated channels. They have been optimized to have the largest possible minimum distances under the constraint of the alphabet {0,1,-1,j,-j}.
5. Codebook 1 is based on the optimised DFT transform which has been shown to be optimum in correlated environments. DFT based codebooks with constrained alphabet exhibit excellent performance in uncorrelated and correlated channels. The reason is a DFT codebook with constrained alphabet optimizes the chordal distance and inherits the basic structure of DFT codebook at the same time.
We also evaluated the performance of the codebooks in correlated fading but where the transmit antennas are not calibrated. Also here the Codebook 1 has been shown to be the most robust, and the R1-071799 is the least robust.

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 and its nested property) and codebook 2 as described in Section 7.2 for dual-polarized configurations (for its excellent performance in dual-polarized channels and its nested property) in LTE.
Furthermore, we believe that virtual antenna selection would provide sufficient gain in most instances. We therefore propose to use as a minimum codebook either antenna selection (as in the last 5 rows of R1-071799) or alternatively virtual antenna selection, with a possible codebook extension to codebook 1. Virtual Antenna selections require only 60 precoder combinations (6bits) per 10Mhz, while the 4bit precoders require 160 combinations (8bits) per 10Mhz band.
3 Theoretical Performance Analysis
We compare performance of codebooks 1&2 and the R1-071799 codebook based on theoretical analysis for uncorrelated and correlated channels.
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. DFT based codebooks 1&2 exhibit larger distances than R1-071799 codebook. 

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

	DFT CB 1
	(16,24,16,4) precoders
	0.7071
	0.7071
	0.7071

	
	(16,16,16,4) precoders
	0.7071
	1
	0.7071

	DFT CB 2
	(16,24,16,4) precoders
	0.7071
	0
	0.7071

	
	(16,16,16,4) precoders
	0.7071
	1
	0.7071

	R1-071799 CB
	(16,16,16,13) precoders
	0.6124
	0.7071 
	0.6124


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.

[image: image4.wmf]
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
· DFT (with unconstrained alphabet) is extremely robust, performing close to optimality (Gd(θ)=1 for all θ), 
· Codebook 1 is very robust as well, having large Gd(θ) for all θ, 
· Codebook 2 has a slightly reduced robustness for some directions of departure θ but performs well on average
· R1-071799 codebook is weak for a large number of directions of departure θ.
For uncalibrated antenna arrays, we consider the same metric as in (1) but with a transmit array response given by
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where 
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 are random phases. Table 2 gives the average value of Gd when the averaging is performed over the random phases 
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Table 2. Average value of Gd for the unconstrained DFT codebook, codebook 1, codebook 2 and R1-071799 codebook

	
	E{ Gd }

	DFT codebook 1
	0.729

	DFT codebook
	0.688

	DFT codebook 2
	0.594

	R1-071799 codebook
	0.633


Codebook 1 still shows the best robustness.  In Figure 2, we illustrate the CDF of Gd(θ=0)  when the CDF is calculated over 10000 realizations of the set {
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Figure 2 Comparison of the robustness Gd of unconstrained DFT codebook, codebook 1, codebook 2 and R1-071799 codebook in correlated channels with uncalibrated antenna arrays. 
The CDF of Gd highlights very different behaviour for the 4 codebooks, even though the gap between the average values of Gd is rather small. R1-071799’s CDF is quite flat suggesting a lack of robustness in correlated channels even with uncalibrated antenna arrays. On the other hand, codebook 1 clearly shows a much better robustness with a much steeper CDF that is shifted to larger values of Gd.
4 Complexity Analysis
Given that all the mentioned codebooks use a constrained alphabet which eliminates all multiplications for CQI calculations, we believe that all the codebooks have the same complexity to calculate the CQI for a given precoder for a given rank. Indeed, all operations HW (with H the channel matrix and W a precoder) used in the MMSE filter do not require any complex multiplications when the entries of W are constrained to the alphabet {0,1,-1,j,-j}. The only complex multiplications come from the product HHH.  

Therefore we rather focus on the nested property to investigate how much additional calculations are required given that the calculations for a given rank have been completed. 

A codebook has the nested property when the following is true for CQI calculation: 
· Calculation results could be re-used for a larger rank if the lower rank precoder is part of the precoder used for a larger rank. 

· Calculations for the larger rank could be based on the operations performed for a lower rank and with a precoder that is a subset of the precoder used for the larger rank.

We show that codebooks 1 & 2 fully exploit the nested property, therefore considerably reducing the complexity of CQI calculation. Indeed, let us assume 4x2 transmission to illustrate our concerns. The nested property would imply that 
· the operation Hwk with wk a precoder of the rank-1 codebook could be re-used when calculating HWj with Wj rank-2 precoder. Hence it implies that wk would be a column of Wj.
· the operation HWj with Wj a rank-2 precoder can re-use the operation Hwk with wk a precoder of the rank-1 codebook. Hence it implies that the columns of Wj are also precoders used in rank-1 codebook.

As an example, let us examine how many precoders of the rank-1 codebook are used as a column of the rank-2 codebook and how many columns of rank-2 codebook are also used as precoders in rank-1 codebook, for codebooks 1&2.

In codebook 1,

· Only column 4 of the fourth matrix (the identity matrix) is never re-used in any precoder of the rank-2 codebook

· All columns of the rank-2 precoders are used as a precoder in rank-1 codebook. Hence the operation HW, with W a rank-2 precoder, can be entirely based on the calculation performed for rank-1 !

In codebook 2,

· All rank-1 precoders are re-used at least once as a column of a rank-2 precoder.

· All columns of the rank-2 precoders have been used as a precoder in rank-1 codebook. Hence the operation HW, with W a rank-2 precoder, can be entirely based on the calculation performed for rank-1 !
In Householder structure, it has been shown in [3] that the CQI calculation of any precoder can always be expressed as a function of the elements u of the vector codebook used to build the householder matrix H(u)=I4-2uuH. Therefore the nested property is also present in the Householder structure. 

It is however worth noting that the nested property in codebook 1&2 is much more balanced than in R1-071799 codebook. Indeed considering 4x2 MIMO as in previous example, we see that with R1-071799 codebook,

· 6 precoders among 16 (spanned by vectors u1, u2, u7, u9, u10, u11) are used in rank 1 and can never be found back as a column of a rank-2 precoder. Therefore if the operation Hwk is performed with wk being one of those precoders, this operation can never be re-used for the calculation of the CQI of any other rank-2 precoder. 
Because all three codebooks have the same constrained alphabet and therefore do not require any complex multiplications, and because they all exploit the nested property, we do not see how Householder does help reducing complexity compared to codebook 1&2. Therefore we strongly believe that forcing a Householder form on the codebook is only a constraint and not a benefit.
5 Numerical Performance Analysis
5.1 Results in single-polarized channels

We study the performance of the following 6 codebooks in TU and SCM single-polarized channels:

1) Physical antenna selection - identity matrix (4,6,4,1)
2) Codebook 1 (16,16,16,4)
3) Unconstrained DFT codebook with column subset selection (16,24,16,4)
4) R1-071799 codebook (16,16,16,13)
5) 1 DFT matrix (4,6,4,1): This is Virtual Antenna Selection
6) Codebook 2 (16,16,16,4)
We list the detailed simulation assumptions, parameters and results in Section 7.3.1 and 7.3.2. From the simulation results shown in 3 to Figure 8, we have the following observations:
· In uncorrelated (TU) channels:




1)  All 3 codebooks have similar in 4x2 MIMO, with a small advantage for DFT based codebook 1 (about 




3% at low geometry) and codebook 2




2) All 3 codebooks have the same performance in 4x4 MIMO
· In correlated (SCM) channels:



1) Codebook 1 exhibits much better performance than R1-071799 codebook in 4x2 and 4x4 configurations.



2) Codebook 1 slightly outperforms codebook 2 in 4x2 and 4x4 MIMO



3) Robustness of R1-071799 codebook in correlated channels is questionable as it achieves only a very small 

    gain over 1 DFT codebook.

Even though all codebooks have approximately the same performance in uncorrelated channels, DFT based codebooks 1 and 2 show a much better robustness in correlated channels compared to R1-071799 codebook. All those results are in agreement with the theoretical analysis provided in Section 3. 
5.2 Results in dual-polarized channels

We study the performance of the following 4 codebooks in “urban micro” dual-polarized channels:

1) 
Physical antenna selection - identity matrix (4,6,4,1)
2)
Codebook 1 (16,16,16,4)
3) 
R1-071799 codebook (16,16,16,13)
4) 
Codebook 2 (16,16,16,4)
We list the detailed simulation assumptions and results in Section 7.3.3. From the simulation results shown in Figure 9-11, codebook 2 outperforms considerably codebook 1 and R1-071799 codebook because it is able to exploit beamforming gains in all environments for the following reasons:
· Codebook 2 efficiently spreads energy among polarizations while the inefficient power spreading among polarizations in codebook 1 and R1-071799 highly reduces their beamforming gains [4-5].
· Precoders in codebook 2 are uniformly selected while in codebook 1 and R1-071799 about 20-25% of precoders (coming from the identity matrix) are selected more often than others due to the inefficient power spreading. 
· Codebook 2 chordal distances are as large as those achieved by codebook 1. Therefore codebook 2 incurs not performance loss even if the XPD is very small and the channel behaves like single-polarized. On the contrary, it will even outperform R1-071799 codebook since its chordal distance is larger.
Hence codebook 2 shows a much better robustness in dual-polarized channels than codebook 1 and R1-071799.
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7 Appendices
7.1 Codebook 1: DFT codebook with {±1,±j} Alphabet

Here we propose a DFT based codebook with {±1,±j} 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

Matrix 1: 
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Matrix 2: 
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Matrix 3: 
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Matrix 4: 
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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 technology. We recommend two mapping rules:

1) CSS (column subset selection): which is commonly used and every combination of column subset should be utilized.

2)  Fixed mapping: the mapping table is given as
Table 3 Codebook 1

	Transmit Codebook index
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	1
	Matrix1, column 1
	Matrix1, column {1,2}
	Matrix1, column {1,2,3}
	Matrix1

	2
	Matrix1, column 2
	Matrix1, column {1,3}
	Matrix1, column {1,2,4}
	Matrix2

	3
	Matrix1, column 3
	Matrix1, column {1,4}
	Matrix1, column {1,3,4}
	Matrix3

	4
	Matrix1, column 4
	Matrix1, column {2,3}
	Matrix1, column {2,3,4}
	Matrix4

	5
	Matrix2, column 1
	Matrix1, column {2,4}
	Matrix2, column {1,2,3}
	n/a

	6
	Matrix2, column 2
	Matrix1, column {3,4}
	Matrix2, column {1,2,4}
	n/a

	7
	Matrix2, column 3
	Matrix2, column {1,2}
	Matrix2, column {1,3,4}
	n/a

	8
	Matrix2, column 4
	Matrix2, column {1,3}
	Matrix2, column {2,3,4}
	n/a

	9
	Matrix3, column 1
	Matrix2, column {1,4}
	Matrix3, column {1,2,3}
	n/a

	10
	Matrix3, column 2
	Matrix2, column {2,3}
	Matrix3, column {1,2,4}
	n/a

	11
	Matrix3, column 3

	Matrix2, column {2,4}
	Matrix3, column {1,3,4}
	n/a

	12
	Matrix3, column 4
	Matrix2, column {3,4}
	Matrix3, column {2,3,4}
	n/a

	13
	Matrix4, column 1
	Matrix3, column {1,3}
	Matrix4, column {1,2,3}
	n/a

	14
	Matrix4, column 2
	Matrix3, column {2,4}
	Matrix4, column {1,2,4}
	n/a

	15
	Matrix4, column 3
	Matrix4, column {1,2}
	Matrix4, column {1,3,4}
	n/a

	16
	Matrix4, column 4
	Matrix4, column {1,3}
	Matrix4, column {2,3,4}
	n/a


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

Here we propose a block diagonal DFT based codebook with {±1,±j} Alphabet. The chordal distances of rank 1,2,3 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
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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 technology. We recommend two mapping rules:

1. CSS (column subset selection): which is commonly used and every combination of column subset should be utilized.

2. Fixed mapping: the mapping table is given as
Table 4 Codebook 2

	Transmit Codebook index
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	1
	Matrix1, column 1
	Matrix1, column {1,2}
	Matrix1, column {1,2,3}
	Matrix1

	2
	Matrix1, column 2
	Matrix1, column {1,3}
	Matrix1, column {1,2,4}
	Matrix2

	3
	Matrix1, column 3
	Matrix1, column {1,4}
	Matrix1, column {1,3,4}
	Matrix3

	4
	Matrix1, column 4
	Matrix1, column {2,3}
	Matrix1, column {2,3,4}
	Matrix4

	5
	Matrix2, column 1
	Matrix1, column {2,4}
	Matrix2, column {1,2,3}
	n/a

	6
	Matrix2, column 2
	Matrix1, column {3,4}
	Matrix2, column {1,2,4}
	n/a

	7
	Matrix2, column 3
	Matrix2, column {1,3}
	Matrix2, column {1,3,4}
	n/a

	8
	Matrix2, column 4
	Matrix2, column {1,4}
	Matrix2, column {2,3,4}
	n/a

	9
	Matrix3, column 1
	Matrix2, column {2,3}
	Matrix3, column {1,2,3}
	n/a

	10
	Matrix3, column 2
	Matrix2, column {2,4}
	Matrix3, column {1,2,4}
	n/a

	11
	Matrix3, column 3

	Matrix3, column {1,3}
	Matrix3, column {1,3,4}
	n/a

	12
	Matrix3, column 4
	Matrix3, column {1,4}
	Matrix3, column {2,3,4}
	n/a

	13
	Matrix4, column 1
	Matrix3, column {2,3}
	Matrix4, column {1,2,3}
	n/a

	14
	Matrix4, column 2
	Matrix3, column {2,4}
	Matrix4, column {1,2,4}
	n/a

	15
	Matrix4, column 3
	Matrix4, column {1,3}
	Matrix4, column {1,3,4}
	n/a

	16
	Matrix4, column 4
	Matrix4, column {2,4}
	Matrix4, column {2,3,4}
	n/a


7.3 Numerical Results

7.3.1 Simulation assumptions in single-polarized channels
The detailed link simulation parameters and assumptions are given in Table 2. 

Table 5 Simulation assumptions
	Parameter
	Value

	Transmission  Bandwidth
	10 MHz

	NFFT
	1024

	Usable sub-carriers
	600

	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
	Typical Urban/SCM (Macro Urban)

	Antenna spacing
	10*Lambda  /  10/3*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
	4x4, 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 channels

We study the performance of the following 6 codebooks in TU and SCM single-polarized channels in this section:

7) Physical antenna selection - identity matrix (4,6,4,1)
8) Codebook 1 (16,16,16,4)
9) Unconstrained DFT codebook with column subset selection (16,24,16,4)
10) R1-071799 codebook (16,16,16,13)
11) 1 DFT matrix (4,6,4,1): This is Virtual Antenna Selection
12) Codebook 2 (16,16,16,4)
7.3.3 Results in dual-polarized channels

We study the performance of the following 4 codebooks in “urban micro” dual-polarized channels in this section:

1) 
Physical antenna selection - identity matrix (4,6,4,1)
2)
Codebook 1 (16,16,16,4)
3) 
R1-071799 codebook (16,16,16,13)
4) 
Codebook 2 (16,16,16,4)
Narrowband transmission over SCM “urban micro” channel with 6/12 clusters (taps) is performed in order to evaluate the impact of the XPD distribution on the performance of various codebook structure. We assume MMSE receivers and the achievable rates are calculated based on Shannon formula. Perfect channel estimation and ideal link adaptation are assumed. Rank adaptation is performed. Vertical and horizontal polarized antennas are assumed at the node-B. Simulations are performed for single polarized and dual-polarized UEs with 2 and 4 antennas. Inter-element spacing of 10λ between the two polarized antenna pairs is used at the node-B. Polarized antennas are assumed to be co-located. In the case of 4 antennas at UE, a spacing of 0.5 lambda is considered between polarized antenna pairs. The average capacity is calculated for each channel profile over a fading distance of 50λ. In Figures 9, 10 and 11, the CDF of the average capacity over 1000 channel profiles is displayed. The SNR is fixed to 10 dB. Figure 9 considers 4x2 with 6 clusters, Figure 10 4x2 with 12 clusters, Figure 11 4x2 with 6 clusters and single-polarized UE. Codebook 2 largely outperforms all other codebooks in all environments.
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Figure 3 Throughput comparison of SU-MIMO with various codebooks, 4x2, spatial correlation=0 (TU channel)
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Figure 4 Throughput comparison of SU-MIMO with various codebooks, 4x2, SCM channel, 10 lambda spacing
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Figure 5  Throughput comparison of SU-MIMO with various codebooks, 4x2, SCM channel, 10/3 lambda spacing
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Figure 6 Throughput comparison of SU-MIMO with various codebooks, 4x4, spatial correlation=0 (TU channel)
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Figure 7 Throughput comparison of SU-MIMO with various codebooks, 4x4, SCM channel, 10 lambda spacing
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Figure 8 Throughput comparison of SU-MIMO with various codebooks, 4x4, SCM channel, 10/3 lambda spacing
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Figure 9 Comparison of codebook 1, codebook 2 and R1-071799 codebook in dual-pol VVHH->VH “urban micro” 4x2 channels. Average SNR fixed to 10 dB and 6 taps (clusters) are considered.
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Figure 10 Comparison of codebook 1, codebook 2 and R1-071799 codebook in dual-pol VVHH->VH “urban micro” 4x2 channels. Average SNR fixed to 10 dB and 12 taps (clusters) are considered
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Figure 11 Comparison of codebook 1, codebook 2 and R1-071799 codebook in dual-pol VVHH->VV (the UE is not multi-polarized) “urban micro” 4x2 channels. Average SNR fixed to 10 dB and 6 taps (clusters) are considered.
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