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1 Introduction
It has been known that codebook based pre-coding MIMO can provide significant spectral efficiency gain in the downlink closed-loop MIMO. In LTE, 4 Tx limited-feedback based closed-loop MIMO precoding is supported [1]. In the LTE-A requirement discussions, it was decided that downlink spatial multiplexing of up to eight layers is considered for LTE-Advanced. Even though it is decided in [5] that the demodulation of downlink signals will be based on dedicated reference signals, the network still need to know channel related information to form precoding at the transmitter.  In 3GPP RAN1#57 meeting, it was agreed that “codebook-based precoding feedback for single cell SU-MIMO as working assumption”. Therefore, codebook design for 8 Tx transmission in LTE-A should be considered and supported.
In 3GPP RAN1#55b meeting, the general guidelines for 8 Tx codebook design are discussed [2] and some detailed discussions on codebook design methods are presented [3, 4]. In [3] it is pointed out that the Householder reflection based approach adopted in LTE cannot be easily generalized to the 8 Tx situation of LTE-A systems. That is, the 4 dimensional Householder reflection is the special case where the constant modulus property is preserved, and the Householder based approach does not generate constant modulus codebook for the 8Tx case. Therefore, we may need new generalization methods for LTE-A codebook. In [6], a different approach to construct the codebook for 8 Tx LTE-A system based on complex Hadamard (CH) transformation is introduced. 

In [7], a new design of 4-bit codebook is proposed and the performance of the codebook is compared with other codebooks in various settings through simulation. The simulation results suggest that in ideal channel estimation the codebook proposed in [7] outperforms most of the other 4-bit codebooks under various simulation settings. In this contribution, we update the simulation comparison between the codebook proposed in [6] and that proposed in [7] under real channel estimation for both TU6 channels and dual polarized antenna settings.
2 8 Tx Codebook Design for LTE-A System
2.1 Complex Hadamard Transformation 
The first step of designing the codebook for 8 Tx LTE-A system is to decide what is the size of the codebook. It is clear that the larger the codebook size, the better the performance will be. However, considering the necessary overhead to feedback the precoding vector of the CQI/PMI/RI reporting process, we set 4 bit codebook to be the base line of our design. In this way, we can also re-use the 4-bit PMI feedback structure designed for LTE 4 Tx codebook. 
As discussed in [2], we should choose the elements of the codeword matrix among 8-PSK alphabet, 
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, to avoid the need for computing matrix multiplication in CQI calculation. Therefore, we define the set of transformation matrices as below:
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That is, 
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The 
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 forms 2 by 2 unitary matrix and is used to transform the generation matrix used to construct the larger dimension matrix. 
Given the set of transformation matrix 
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 for 8-PSK, we can define several complex Hadamard (CH) transformations as follows. Given any two generating matrix 
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 dimensional matrix space whose columns are orthonormal,  let us define one-stage complex Hadamard (CH) transformation as follows
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 denotes the Kronecker product, and superscript in the resulting matrix 
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 denotes the number of the transformation stages. With this one-stage complex Hadamard transformation, we can generate 
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Similarly, we can define two-stage complex Hadamard transformation. Given any generating matrix 
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, define two stage complex Hadamard transformation as below
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One of the interesting points of the CH transformation is that with the CH transformations, we can construct the DFT matrix by performing simple column permutations after a CH transformation. For example, the 4-dimensional DFT matrix can be constructed with the one-stage transformation as
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 denotes the column permutation matrix listed below
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2.2 Performance Metrics Related to Codebook Optimization
There are several important performance metrics that we used in designing the codebooks presented in this paper.
For uncorrelated channels, Chordal distance is known to be an important performance measure. Te be specific, the performance of the codebook is governed by the minimum chordal distance between the codewords in the codebook, which is represented by 
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is the codebook, 
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stands for the chordal distance between the two codewords. Therefore, one of the design objectives is to maximize 
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 for uncorrelated channels. This objective can be represented in the following equation:
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For correlated channels, the performance of the codebook is partly reflected in the null-direction gain of the codebook projected to the array antennas subspace, which can be expressed as
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 is a codeword of the codebook 
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 is the array antenna response vector. Therefore, a  second design objective is to maximize 
[image: image37.wmf]2

G

 for the codebook. This objective can be represented in the following equation:
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When designing the codebook for 8 Tx antenna systems, both of the performance measures should be taken into account.

2.3 4-Bit 8 Tx Codebook for LTE-A Systems
Similar to the approach in [1], we can construct an 8 Tx codebook based on different 8 by 8 base matrices. Keeping both single-polarized (SP) and dual-polarized (DP) configurations in mind together with the above mentioned performance metrics; we introduce a 4-bit codebook for 8 Tx systems based on four base matrices generated by the complex Hadamard transformation. 
First let
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.
After extensive computer search in the 7 dimensions denoted by {i,k,l, m1,m2,m3,m4}, we found  a codebook that is based on the following four base matrices. We believe this codebook provides good tradeoff between the Chordal distance measure and the null-direction gain measure we discussed in the earlier section.
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The mapping from the base matrix to codeword is given in Table 1.
Table 1 4-bit 8 TX precoding Codebook. Note only column indices of the corresponding base matrices are shown in the table for brevity.
	Base Matrix
	CW

Index
	Rank1
	Rank2
	Rank3
	Rank4
	Rank5
	Rank6
	Rank7
	Rank8
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	1
	1
	1 5
	1 3 5
	1357
	13567
	123567
	1234567
	12345678

	
	2
	2
	2 6
	2 4 6
	2468
	24568
	124568
	1234568
	n/a

	
	3
	7
	3 7
	1 3 7
	1378
	13478
	134578
	1345678
	n/a

	
	4
	8
	4 8
	2 4 8
	2478
	23478
	234678
	2345678
	n/a
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	5
	1
	1 3
	1 3 4
	1234
	12347
	123467
	1234567
	12345678

	
	6
	2
	2 4
	2 4 5
	2457
	23457
	234578
	2345678
	n/a

	
	7
	7
	5 7
	5 7 8
	1578
	14578
	145678
	1345678
	n/a

	
	8
	8
	6 8
	1 6 8
	1683
	13568
	123568
	1234568
	n/a
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	9
	3
	3 7

	1 3 7

	1378

	13478
	134578
	1234578
	12345678

	
	10
	4
	4 8
	2 4 8
	1248
	12458
	124568
	1245678
	n/a

	
	11
	5
	1 5
	1 5 7
	1357
	13567
	123567
	1235678
	n/a

	
	12
	6
	2 6
	2 6 8
	2468
	23468
	234678
	1234678
	n/a
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	13
	1
	1 3
	1 3 4
	1234
	12345
	123458
	1234568
	12345678

	
	14
	2
	2 4
	2 4 6
	2456
	24567
	124567
	1234567
	n/a

	
	15
	7
	5 7
	5 7 8
	5678
	25678
	235678
	2345678
	n/a

	
	16
	8
	6 8
	1 6 8
	1678
	13678
	134678
	1345678
	n/a


3 Simulation Comparison Under Real Channel Estimator

As claimed in [6] that among existing proposed codebooks only the codebook proposed in [6] and that proposed in [7] inherit all the desired property of LTE 4 Tx codebook. Furthermore, the codebook in [6] outperforms all other codebooks under ideal channel estimation. In this section, we focus the performance comparison between the codebook in [6] with the codebook in [7] under practical channel estimator. To be specific, we use 2D MMSE estimator to perform the channel estimation. The CQI-RS pattern used in this contribution is illustrated in Figure 1.
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Figure 1: CQI-RS Pattern for 8 Layer Transmissions
In Figure 2, the BLERs of the systems using codebook in [7] and codebook in [6] are compared under TU6 model. The modulation coding scheme is assumed to be QPSK with rate-1/2 turbo code.
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Figure 2: TU6, Rank 1, QPSK, Rate-1/2, 0 Scheduling Delay
At BLER of 0.1, with real channel estimator, codebook proposed in [6] is around 0.3 dB better than that proposed in [7]. Similar behavior can be found in Figure 3 for the case of rank 2 transmission.
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Figure 3: TU6, Rank 2, QPSK, Rate-1/2, 0 Scheduling Delay
In Figure 4 and Figure 5, the BLER performances of the two codebooks are compared under dual polarized antenna configurations with 0.5 
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Figure 4: Dual Polarized Antenna (0.5 
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), Rank 1, QPSK, Rate-1/2, 0 Scheduling Delay
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Figure 5: Dual Polarized Antenna (0.5 
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), Rank 2, QPSK, Rate-1/2, 0 Scheduling Delay
As suggested by the results for both rank 1 and rank 2, Samsung’s codebook outperforms ZTE’s codebook in dual polarized antenna configurations. 
4 Conclusion

In this contribution, we introduced a codebook for 8 Tx systems based on Complex Hadamard Transformation. The CH transformation guarantees the constant modulus property of the codebook. Furthermore, column vectors of the base matrices constructed from CH transformation are orthogonal to each other. Based on this codebook, we simulate the link level BLER performance of 8 Tx systems as opposed to 4 Tx systems. The 4-bits quantized 8Tx codebook provides around 1 dB gain over 4 Tx codebook. 
We also evaluate the performance of different codebooks under real channel estimator. To be specific, we compared the codebook in [6] with the codebook in [7] since these two codebooks inherit all the desired properties of LTE Rel. 8 codebook among exiting codebooks. The simulation results suggest that the codebook in [6] outperforms that in [7] in almost all simulated situations. 
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Appendix 1: 8 Tx Codebook Design 
In general, the performance of the codebook can be evaluated through the minimum chordal distance between the codewords together with the link level simulation results. The selection of the introduced codebook is based on the performance metrics introduced in Section 2.2. In this section, we present array manifold together with the link level simulation results of the introduced codebook. 

The array manifold/array response of a codebook is defined as
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is a codeword of the codebook 
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is the transmit array response, give by
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The corresponding array manifold/array response of the introduced rank-1 part of the codebook (16 codeword vectors) is compared against the array response of 16 vectors generated from the 8x8 DFT matrix (8 DFT vectors plus 8 shifted version of the DFT vectors), as illustrated in Figure 6. 
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Figure 6: Array Manifold of the Introduced Codebook
It can be seen that the introduced codebook is quite robust, and has only a slight loss compared to array response generated by the DFT vectors.
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Figure 7: BLER performance of 8 Tx codebook versus 4 Tx codebook for QPSK Rank 1
In Figure 7, the BLERs of the system using 8 Tx codebook versus 4 Tx codebook are compared. The channel model is assumed to be TU6. The channel estimation is assumed to be ideal. The 8 Tx svd curve is obtained by choosing the eigenvector corresponding to the maximum singular value of the channel matrix as the precoding vector. 

It can be seen from Figure 7 that even though the SVD curves of 8 Tx system is 3 dB better than that of 4 Tx system at BLER of 0.1, the benefits of using 8 Tx codebook is only 1 dB. That is partly because of the fact in TU6 the channels from the antennas are independent, 4 bits codebook of the 8 Tx system may not be sufficient to realize the gains of 8 Tx antennas. Similar observations can also be found on the simulation results of the 8 Tx systems using 16QAM modulation in Figure 8. 
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Figure 8: BLER performance of 8 Tx codebook versus 4 Tx codebook for 16QAM Rank 1
Figure 9 shows the simulation results of BLER performance comparison for Rank 2 transmissions with QPSK.
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Figure 9: BLER performance of 8 Tx codebook versus 4 Tx codebook for QPSK Rank 2
As discussed for the situation of Rank 1 transmission, even though the performance gain of the SVD approach in rank 2 case can be as large as 4 dB, the realized gain through using 4 bit codebook is only around 1 dB. 
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Figure 10: BLER performance of 8 Tx codebook versus 4 Tx codebook for QPSK Rank 1 (Dual Polarized Antennas)
In Figure 10, the BLERs of the system using 8 Tx codebook versus 4 Tx codebook are compared under dual polarized antenna configuration. The channel estimation is assumed to be ideal. The 8 Tx svd exists a gain of around 3 dB over 4 Tx svd for rank 1 transmission. However, this gain is not sufficiently captured in the 8 Tx codebook.

Appendix 2: Simulation Parameters

	System Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Number of Tx antennas
	8

	Number of Rx antennas
	2 

	Antenna spacing
	0.5 λ for dual polarized antenna configuration at Tx

	Mobile speed
	3 km per hour

	Scheduling delay
	0 ms

	DL channel estimation
	2D MMSE

	MCS
	Turbo 1/2, QPSK

	MIMO detection
	LMMSE

	SubBand size
	6 RB
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