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1
Introduction
The key enhancements being considered for DL in LTE Release 10 specification are support for 8x8 SU-MIMO and enhanced MU-MIMO. This contribution gives evaluation of the current codebook proposals and gives an update of our proposal in [13] adapting it to the dual codebook structure.  
2
General codebook construction principles
We find it desirable that the Rel-10 codebook should have the following properties, unless there is a demonstrable benefit of relaxing these resulting in better systems performance. 

a) 8-PSK alphabet

b) Constant modulus

c) Nested structure

Note that with the use of DM-RS, the importance of a nested structure is less, however; it is still useful in enabling better MU-MIMO multiplexing of UEs reporting different ranks.    
2.1
Unitary matrix transformations
Every precoder is a unitary matrix and a codebook is a set of unitary transformations.  The following are simple transformations that preserve the unitary property:
1. Permuting columns

2. Multiplying columns with a unit norm complex scalar
3. Permuting rows

4. Multiplying rows with a unit norm complex scalar

5. Left or right multiply with a unitary matrix

Note that 5) doesn’t preserve constant modulus properties, so it will not be considered further here. Only transformation 2) is transparent when the matrix is used as a precoder.  Transformation 1) has an impact when the precoder is not full rank and the other transformations in general change the precoder. 

Following the codebook construction described in [14], we propose to use 4) and 1) as part of the Rel-10 codebook design. That is, we propose a base unitary matrix, from which the precoders of the codebook are obtained by multiplying rows by scalars primarily, and by permuting the columns in the non full rank cases. 
2.1.1
Connection with Rel-8 codebook
It had been observed that the Householder transformation cannot be extended to 8 antennas without violating the constant modulus properties.  With transforming the Householder precoders by multiplying columns with a constant, which is completely transparent when the matrix is considered as a precoder, the Rel-8 codebook design principle can be extended to 8 antennas. 

The 4x4 Rel-8 codebook is derived by using the Householder transformation, which generates an orthogonal matrix from an input 4x1 column vector 
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When we consider 
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 as a precoder, we can freely multiply columns with a unit norm constant scalar.  We will transform 
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Then we have
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Therefore, in Rel-8, all 4x4 precoders are derivable by taking a 4x1 column vector 
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  with the same orthonormal matrix 
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.  Note that 
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 itself is a transformation of the 4x4 Hadamard matrix by using operations 1, 2, 4 listed in 2.1. 

In addition, column permutation was defined for the Rel-8 codebook for some rank 2, 3 precoders.  This is specified as particular column selections for those cases in Rel-8. 

We propose to extend the same principle to the Rel-10 8x8 codebook construction. 

3
Rel-10 8 Tx codebook
3.1
General codebook 

In general, the codebook construction will concentrate on the rank 1 precoder. The full rank precoder is derived by simply right multiplying the rank 1 precoder with an orthonormal matrix.  This clearly gives a very limited resolution for higher rank cases but anyhow for higher rank, the codebook resolution is less of a limitation.  

-------------------------------------------

Proposed codebook: 

Define a set of  
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 rank 1 precoders where each 
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 is a 8x1 column vector.  
The set of 
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 itself should have a dual codebook structure

Each precoder 
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 in the codebook is derived as
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 is the 8x8 Hadamard matrix after a bit-reversed column permutation: 
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In addition, for certain antenna configurations, and for some rank cases, column permutations of the precoders could be considered, similar as was done in the Rel-8 codebook.
-------------------------------------------
The detailed structured codebook design will concentrate on the rank 1 precoder design. 
3.2
Structured codebooks 

The challenge in the agreed dual codebook structure design is to adapt to all antenna configuration cases. Our proposal is to allow some basic level of adaptability, which would select a feedback structure based on the Tx antenna configuration. 

As it was described in 3.1, each precoder is derived from a 
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 basis vector.  The UE feedback points to one of the 
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 basis vectors, and possibly to a column permutation. The latter primarily targets optimizing rank 2 feedback and is not yet assumed in the detailed feedback design given later in this contribution. 

As a matter of description, we can write  
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 with a formula where the elements of 
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 are calculated based on discrete feedback components, although in the end, the set 
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We construct 
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i.e. as a function of seven discrete parameters such that 
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(1)
Note that not all parameters need to be used. Parameters that are not used are set to zero in Eq(1). 
Parameters 
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 should have lower subband granularity than 
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, for example.  It should also be noted that, in the absence of column permutations, the proposed codebook can be recast in the form W=W2W1, as for example proposed in [10].  
We propose to allow signalling to select from the four basic configurations listed in Table 1 below.  

	Configuration number
	Tx antenna configurations covered
	Wideband feedback parameter set
	Subband feedback parameter set
	Column permutation set
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Table 1  Feedback configuration cases
The signalling for configuration selection could be cell-specific although if more flexibility in feedback configuration is desired, UE-specific signalling could be considered. 

3.2.1
Parameter set combinations
A key aspect is determining the set of parameters to be used and their bit resolution. Two examples are given below in Tables 2 and 3.  We would like to note that the parameter values should be considered as a starting point and leave room for further performance optimization which is ongoing. 
	Tx antenna configuration
	Feedback parameter
	Values
	Number of bits
	Subband size (RBs)
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	1
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	1
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Table 2  Feedback configuration for 8Tx ULA

	Tx antenna configuration
	Feedback parameter
	Values
	Number of bits
	Subband size (RBs)
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	{0, 1/8, 2/8, …, 7/8}
	3
	50
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	Rank 1: {0, ¼, ½, ¾}

Rank 2: {0, ¼}
	Rank 1: 2

Rank 2: 1
	6
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Table 3  Feedback configuration for 8Tx x-pol

Note that other configurations are possible; in particular, higher feedback granularity may give better DL spectral efficiency vs. UL feedback overhead trade off.  This aspect will be studied in a later contribution. 
3.3
Concerns regarding the current evaluation framework

The current evaluation framework implicitly assumes perfect Tx antenna array calibration, since no antenna misalignment parameters are used.  An average phase calibration across Tx chains is reasonable to assume but as it was noted in [10], the time misalignment between Tx branches creates a non-negligible relative phase rotation across antennas across the LTE channel bandwidth. It is unclear how realistic it is to assume that a perfect time alignment calibration will also be implemented. 
We propose to discuss and agree on how reasonable it is to assume that there is no time misalignment is present across antenna branches. If it is decided that time misalignment is a non-negligible factor then a corresponding model should be included in the evaluation framework. 
4
Codebook comparison
We have evaluated the proposals presented in [10], [11] and that presented in this document.  Comparison with other proposals may be added later.  Specifically, among the proposals in [10], the scheme with 2-bit subband-specific and 4-bit wideband feedback was selected, and α=exp(j4πθ) was chosen for rank-1.  For all proposals, the precoders were obtained by exhaustive search and fed back with the same time periodicity.  
In addition to implicit feedback schemes, we have also included performance numbers for a scheme based on unquantized explicit feedback.  While we are not advocating that this schemes be adopted for Release 10 feedback, we believe that it can help shed some light on what performance could be achieved with increased feedback granularity.  The scheme is labeled “Explicit FB” in the performance tables and assumes that the dominant eigen-directions of the channel are known at the eNodeB with infinite precision. 
4.1
Simulation assumptions
The evaluation of the feedback refinement proposal presented in this contribution has been conducted in line with the agreed simulation methodology in [12], and additional simulation parameters are listed in Table  4.  
	Parameter
	Value

	Transmission Bandwidth
	10 MHz

	Channel Model
	3GPP Case 1, SCM-E High Spread

	Number of UEs per cell
	10

	Number of Tx antennas
	8

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE modeled

	Channel estimation
	Non-ideal

	Allocation Size 
	Adaptive

	Rank selection
	Adaptive

	CQI/Precoding feedback period
	5 ms

	CQI/Precoding feedback delay
	5ms

	Feedback subband size
	Default: 6 RBs
For QC proposal according to Tables 2 and 3

	Feedback error
	Not modeled

	Frequency sensitive scheduling
	Yes

	Scheduling fairness
	Proportional fair

	Interference Estimation
	No interference covariance knowledge is assumed

	HARQ target
	10% BLER after 1st transmission

	Maximum number of retransmissions
	4


Table 4  System simulation assumptions
The spectral efficiency results do not account for system overhead.  
4.2

Simulation results
The antenna configurations used were the following:

1. 0.5λ ULA

a. eNB:  8Tx 0.5λ ULA vertical
b. UE:  2Rx ULA 0.5λ vertical
2. 0.5λ x-pol

a. eNB:  8Tx 0.5λ x-pol +45deg/-45deg

b. UE:  2Rx x-pol, 0deg/90deg

3. 4λ ULA

a. eNB:  8Tx 4λ  ULA vertical

b. UE:  2Rx, ULA 0.5λ vertical

4. 4λ x-pol

a. eNB:  8Tx 4λ x-pol +45deg/-45deg

b. UE:  2Rx x-pol, 0deg/90deg
4.2.1
SU-MIMO results
	Antenna Configuration
	Feedback Method
	Cell spectral efficiency 
[bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Qualcomm
	3.279
	0.0%
	0.135
	0.0%

	
	Ericsson
	3.277
	-0.1%
	0.137
	1.2%

	
	Samsung
	3.321
	1.3%
	0.139
	2.4%

	
	Explicit FB
	3.635
	10.9%
	0.137
	1.0%

	0.5λ x-pol
	Qualcomm
	3.325
	0.0%
	0.123
	0.0%

	
	Ericsson
	3.324
	0.0%
	0.124
	0.7%

	
	Samsung
	3.330
	0.1%
	0.124
	0.7%

	
	Explicit FB
	3.700
	11.3%
	0.136
	9.8%

	4λ ULA
	Qualcomm
	2.660
	0.0%
	0.098
	0.0%

	
	Ericsson
	2.624
	-1.4%
	0.094
	-3.8%

	
	Samsung
	2.662
	0.1%
	0.094
	-4.3%

	
	Explicit FB
	3.688
	38.7%
	0.124
	26.2%

	4λ x-pol
	Qualcomm
	2.791
	0.0%
	0.099
	0.0%

	
	Ericsson
	2.745
	-1.6%
	0.097
	-2.4%

	
	Samsung
	2.784
	-0.2%
	0.097
	-2.3%

	
	Explicit FB
	3.738
	34.0%
	0.127
	28.0%


Table 5  System simulation results for SU-MIMO

4.2.1
MU-MIMO results

	Antenna Configuration
	Feedback Method
	Cell spectral efficiency [bps/Hz]
	5-percentile UE spectral efficiency [bps/Hz]

	0.5λ ULA
	Qualcomm
	3.833
	0.0%
	0.161
	0.0%

	
	Ericsson
	3.786
	-1.2%
	0.159
	-1.3%


	
	Samsung
	3.819
	-0.4%
	0.164
	1.4%

	
	Explicit FB
	4.656
	21.5%
	0.184
	14.2%

	0.5λ x-pol
	Qualcomm
	3.425
	0.0%
	0.136
	0.0%

	
	Ericsson
	3.450
	0.7%
	0.137
	0.7%

	
	Samsung
	3.406
	-0.6%
	0.136
	0.1%

	
	Explicit FB
	4.384
	28.0%
	0.173
	27.5%

	4λ ULA
	Qualcomm
	2.455
	0.0%
	0.089
	0.0%

	
	Ericsson
	2.369
	-3.5%
	0.083
	-6.5%

	
	Samsung
	2.364
	-3.7%
	0.085
	-4.2%

	
	Explicit FB
	4.012
	63.4%
	0.149
	67.1%

	4λ x-pol
	Qualcomm
	2.564
	0.0%
	0.092
	0.0%

	
	Ericsson
	2.519
	-1.7%
	0.089
	-3.7%

	
	Samsung
	2.518
	-1.8%
	0.090
	-2.2%

	
	Explicit FB
	4.008
	56.3%
	0.152
	64.9%



Table 6  System simulation results for MU-MIMO

5
Conclusion

We have presented an updated 8x8 codebook design proposal and evaluated a few proposals by system simulations. We observed that the codebook presented in this contribution achieves robust performance and outperforms other proposals by 1-4% for 4λ antenna configurations.  Further enhancements of the proposed codebook are ongoing and may lead to additional performance enhancements.  
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