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Discussion
1 Introduction
The existing MIMO correlation model in 36.101 was built up in Rel-8, under the consideration of deploying the uniform linear array horizontally. The B.2.3 in 36.101 also states that “The MIMO channel correlation matrices defined in B.2.3 apply for the antenna configuration using uniform linear arrays at both eNodeB and UE”. As such it becomes necessary to evaluate if the MIMO correlation model should be modified to accommodate the two-dimension antenna arrays at the eNB.
2 History and evaluation methodology
The MIMO correlation starts from analysing the correlation between the waves impinging on two antenna elements. From our understanding, there are two proposal when in Rel-8. The Proposal one is seen in [1] and [2], in which the radiation pattern G( ) for the antenna element and the radio waves with the Laplacian power azimuth spectrum PAS( ) when impinging on the antenna element are considered. The Proposal two in [4] and [5] is to give the artificial number to specify the channel statistics in order to match the channel capacity in different correlation levels. The idea to govern the correlation level is to introduce the parameter lambda for linear interpolation such that the channel capacity in correlated channel is written as,
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where C0 and C1 denote the channel capacity under certain SNR in fully uncorrelated and totally correlated channels, respectively. The lambda = 0.5 and lambda = 0.9 are selected to denote the channel capacity in medium correlation channel and high correlation channel respectively.

Let’s talk about Proposal one first. The spatial correlation between two antennas is derived as, 
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where the G( ) and PAS( ) are expressed as
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Based on the above, the spatial correlation derived by Proposal one is of complex number. Also note that only the phi (the azimuth angle) is considered.
For Proposal two, let’s revisit the MIMO channel capacity equation,
[image: image6.emf]  (5)
Then what’s the channel matrix H to achieve the capacity with lambda = 0.5 and 0.9? Take 2x2 as an example, and the H is expressed as,
          [image: image7.emf] (6)
The corresponding statistical correlation matrix for the elements in H is shown as, 
[image: image8.emf] (7)
By setting SNR = 15dB and lambda = 0.5, the corresponding channel capacity C​0, C1 and Clambda are 8.25, 5.27 and 6.76 respectively. If the alpha = 0.3, beta = 0.9 and SNR = 15dB are taken into (5), the derived channel capacity is around 6.67. Furthermore, as lambda = 0.9, the resulting Clambda = 5.56 and the channel capacity by alpha = beta = 0.9 is around 5.86. Note that the alpha and beta are always of real number.
For Proposal two, it is further extended to the high dimension MIMO correlation [6] by considering the exponential decay rule, in which the exponential power depends on the square of the ratio of the element separation. The correlation matrix of the four co-polarized antennas at the eNB side is given as
[image: image9.emf] (8)
The Proposal two is finally adopted in 36.101. But from our point of view, the Proposal one is more relevant to the SCM model in RAN1 and the Proposal two is more of focusing on RAN4 test purpose. So we have,
Observation 1, There are two proposals for MIMO correlation when in Rel-8 development, 
· Proposal one: consider the radiation pattern and the power distribution of the impinging waves. The derived correlation is of complex number. 
· Proposal two: give the artificial number to specify the channel statistics in order to match the channel capacity in different correlation level. The correlation is of real number. 
 At the end the Proposal two is adopted in 36.101.
Observation 2, The concept of Proposal one is more relevant to the SCM model in RAN1. The Proposal two is mainly for the RAN4 test purpose.
Based on the above, we may have the following questions,

1)  For the two-dimension antenna array at the eNB, can we re-use Proposal two or do some more modification based on it? Since the whole structure according to Proposal two has been agreed in Rel-8

2)  What’s the difference between Proposal one and Proposal two in terms of correlation?

Our idea is to extend Proposal one by jointly considering the theta (the zenith angle) and the phi (the azimuth angle) for the power distribution of the impinging waves. The spatial correlation in ULA is inspected first and then it is further compared with that derived by Proposal two. 
3 MIMO correlation for uniform linear arrays
Let’s consider two types of ULA. The first one is deployed horizontally, as shown in Fig. 1. The second one is that the antennas are vertically placed, as seen in Fig. 3. The number of antennas is 4 in the simulation.
The spherical unit vector (in 36.873) is expressed as
[image: image10.emf] (9)
Each antenna will receive the signal at the slightly different time delay. It is due to the extra propagation distance. The distance is calculated by projecting the location vector onto the spherical unit vector. Take theta = 90o and phi > 0o as an example in Fig. 2, the signal received at antenna 1 will propagate the additional distance of 3dHsin(phi) after the signal is received at antenna 4, and the resulting phase shift is
[image: image11.emf]
By following the methodology in [2] and then extending it to consider both zenith angle and azimuth angle, the received signal at the i-th antenna can be written as
[image: image12.emf] (10)
The 3D antenna element radiation pattern is to follow 36.873 by
[image: image13.emf] (11)
We make the assumption that the signal in zenith angle and azimuth angle are independent and both follow the Laplacian distribution. Therefore, 
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The cross correlation between different antennas in horizontal ULA is written as

[image: image15.emf] (13)
For vertical ULA, the cross correlation is different from horizontal ULA and it is shown as

[image: image16.emf] (14)
Simple to say, the comparison between Proposal one and Proposal two in Rel-8 is to check if the following condition can be satisfied for 4 Tx antennas in both horizontal and vertical ULA,
[image: image17.emf] (15)
Fig. 4 to Fig. 6 show the results for horizontal ULA. The mean zenith angle is fixed to 115o and the mean azimuth angle is in the range between -60o and 60o. The angular spread is 2o for both zenith and azimuth angles. The antenna spacing is adjusted. When the antenna spacing is short (higher correlation), the condition in (15) is satisfied.
Fig. 7 to Fig. 9 show the results for vertical ULA. The mean azimuth angle fixed to 30o and the mean zenith angle is in the range between 45o to 145o. The angular spread is 2o for both zenith and azimuth angles. The antenna spacing is adjusted. Similar to the case of horizontal ULA, when the antenna spacing is short (higher correlation), the condition of (15) holds.
Then we further observe that,

Observation 3, The derived correlation by Proposal one and Proposal two is similar in higher correlation for ULA.
Observation 4, It is not surprised to see the mismatch happen when using less number of parameters (the parameter alpha, and the rule for exponential power) to govern the correlation matrix.
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Fig. 1, Horizontal ULA with four elements
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Fig. 2, Example to show the additional propagation distance between ant. 1 and ant.4 in horizontal ULA
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Fig. 3, Vertical ULA with four elements
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          Fig. 4, horizontal ULA, spacing = 2x wavelength. rho12 is close to rho141/9 and rho13 is close to rho144/9
[image: image22.png]correlation





Fig. 5, horizontal ULA, spacing = 4x wavelength
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Fig. 6, horizontal ULA, spacing = 10x wavelength. The mismatch is significant
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Fig. 7, vertical ULA, spacing = 2x wavelength. rho12 is close to rho141/9 and rho13 is close to rho144/9
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Fig. 8, vertical ULA, spacing = 4x wavelength
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Fig. 9, vertical ULA, spacing = 10x wavelength. . The mismatch is significant
4 MIMO correlation for 2D arrays

The antenna numbering should be specified first. If N​1 and N2 respectively stand for the number of co-polarized antennas in horizontal and vertical axis, the numbering should be along the vertical axis first for each polarization, as shown in Fig. 10 and Fig. 11 for the case of 12 antennas. 
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 Fig. 10, N1 = 3, N2 = 2 for 12 antennas          Fig. 11, N1 = 2, N2 = 3 for 12 antennas
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  Fig. 12, N1 = 4, N2 = 2 for 16 antennas         Fig. 13, N1 = 2, N2 = 4 for 16 antennas

For the configuration in Fig. 10, the spatial correlation between antennas is mathematically written as

[image: image29.emf]
Our idea is to check if the cross correlation between two antennas located at different row and column can be decomposed as the multiplication of the cross correlation from the antennas in the same row and in the same column. Take Fig. 10 again as the example, it is to check if the approximation holds,
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where it is defined that, 

[image: image32.emf],[image: image33.emf](16)
In this way, the correlation matrix with same polarization can be written as the Kronecker product of the two correlation matrices for the antennas respectively in the horizontal dimension and in the vertical dimension. For N1= 3 and N2 = 2 in Fig. 10, the correlation matrix becomes
[image: image34.emf]  (17)
For N1= 2 and N2= 3 in Fig. 11, the correlation matrix with same polarization is
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For N1= 4 and N2= 2 in Fig. 12, the correlation matrix with same polarization is
[image: image36.emf]  (19)
And finally for N1= 2 and N2= 4 in Fig. 13, the correlation matrix with same polarization is
[image: image37.emf]  (20)
In Fig. 14 to Fig. 17, the results are provided according to the configuration in Fig. 10 for N1= 3 and N2= 2. It is seen that for some cases the approximation is quite accurate, especially for higher correlation. But we also see some mismatch in other cases. 
From our point of view, in reality the MIMO correlation matrix may not be easy to be precisely modelled using finite number of parameters. However, the complexity is high and it is tedious if we tend to specify each cross-correlation value between antennas. Another thing we would like to point out is, the antenna spacing can be different in horizontal dimension and vertical dimension. So it is reasonable to specify different value of alpha for each dimension. Based on the above, we propose that,
Proposal 1, The correlation matrix with same polarization is represented by the Kronecker product of the two correlation matrices which are respectively for the antennas in the horizontal dimension and in the vertical dimension
Proposal 2, Re-use the structure of computing the correlation matrix for cross-polarized antennas in B.2.3A.1 of 36.101. Re-use the permutation matrix P and the polarization correlation matrix Gamma
The steering matrix in B.2.3A.4 of 36.101 can also be modified to accommodate the two-dimension antenna arrays. Then we propose that,

Proposal 3, For the steering matrix in B.2.3A.4 of 36.101, the phase variation can be individually controlled in horizontal and vertical dimension
[image: image38.emf],   for N1 = 3, N​2 = 2 in Fig. 10
[image: image39.emf],   for N1 = 2, N​2 = 3 in Fig. 11

[image: image40.emf],   for N1 = 4, N​2 = 2 in Fig. 12

[image: image41.emf],   for N1 = 2, N​2 = 4 in Fig. 13
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Fig. 14, N1= 3, N2= 2, mean of theta = 85o. spacing = 2x wavelength for both dimensions
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Fig. 15 , N1= 3, N2= 2, mean of theta = 85o. spacing = 4x wavelength for both dimensions
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Fig. 16, N1= 3, N2= 2, mean of theta = 115o. spacing = 2x wavelength for both dimensions
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Fig. 17, N1= 3, N2= 2, mean of theta = 115o. spacing = 4x wavelength for both dimensions
5 Conclusion
Observation 1, There are two proposals for MIMO correlation when in Rel-8 development, 

· Proposal one: consider the radiation pattern and the power distribution of the impinging waves. The derived correlation is of complex number. 

· Proposal two: give the artificial number to specify the channel statistics in order to match the channel capacity in different correlation level. The correlation is of real number. 

At the end the Proposal two is adopted in 36.101.

Observation 2, The concept of Proposal one is more relevant to the SCM model in RAN1. The Proposal two is mainly for the RAN4 test purpose.

Observation 3, The derived correlation by Proposal one and Proposal two is similar in higher correlation for ULA.

Observation 4, It is not surprised to see the mismatch happen when using less number of parameters (the parameter alpha, and the rule for exponential power) to govern the correlation matrix.

Proposal 1, The correlation matrix with same polarization is represented by the Kronecker product of the two correlation matrices which are respectively for the antennas in the horizontal dimension and in the vertical dimension

For N​1= 3 and N2 = 2,                   
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For N​1= 2 and N2 = 3,
       [image: image47.emf]
For N​1= 4 and N2 = 2,
        [image: image48.emf]
For N​1= 2 and N2 = 4,
        [image: image49.emf]
Proposal 2, Re-use the structure of computing the correlation matrix for cross-polarized antennas in B.2.3A.1 of 36.101. Re-use the permutation matrix P and the polarization correlation matrix Gamma

Proposal 3, For the steering matrix in B.2.3A.4 of 36.101, the phase variation can be individually controlled in horizontal and vertical dimension

For N​1= 3 and N2 = 2,
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For N​1= 2 and N2 = 3,
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For N​1= 4 and N2 = 2,
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For N​1= 2 and N2 = 4,

      [image: image53.emf]
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