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1 Introduction
One of the advanced features in the LTE-A is the support for high order MIMO [1]. It is shown that the capacity of a wireless system linearly grows with the number of independent antennas. Higher number of transmit antennas also enables much narrower beam-forming to extend the coverage. In this contribution, we study statistical properties of high-order MIMO channels and their capabilities to deliver multi-layer data. We also provide some simulation results on the performance of multi-layer transmission over 8x8 MIMO channels. 
2 Multi-layer Communication over High Order MIMO 
It is shown that the capacity of a wireless system at high SNR linearly grows with the minimum number of independent transmit and receive antennas [2]. This capacity is achieved under some assumptions including perfect knowledge of channel at the transmitter, power allocation using water-filling and appropriate channel coding and rate allocation. In this contribution, we examine some of these assumptions.
2.1 Statistical properties of high order MIMO channels 
In a closed loop MIMO system with perfect channel knowledge at the transmitter, the optimal precoder uses the right hand singular vectors of the channel matrix as the precoder which transforms the channel into some parallel channels. In such a system, the singular values of the channel matrix determine the quality of parallel channels. Here, we study the statistical properties of these singular values.
2.1.1 PDF of the singular values
Figure 1 shows the pdf of singular values of an uncorrelated 2x2 MIMO channel with Rayleigh fading. As shown in the figure, the first singular value possesses a much sharper pdf due to diversity order of 4 while the second singular value varies more than the first one.
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Figure 1. Pdf of the two modes in a 2x2 uncorrelated Rayleigh channel
Figure 2 shows the pdf of 8 singular values in an 8x8 uncorrelated MIMO Rayleigh fading channel. In this case, the pdf of the first singular value is very sharp due to its high diversity order. As the layer number increases, the variation of this value increases. This results in a much higher drift between the first and the last layers. Such a big drift requires highly different bit loadings over different modes. 
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Figure 2. Pdf of the eight modes in an 8x8 uncorrelated Rayleigh channel.
Figure 3 shows the performance of the 8 layers of data over an 8x8 MIMO with perfect channel knowledge at the transmitter. The channel is TU 3 km/h and the feedback delay is 3 msec and the feedback granularity is one precoder per RB. The channel assignment is 9 RBs distributed over 10 MHz band. Channel estimation is assumed ideal. Different layers are loaded with QPSK 1/3 but from different turbo codewords. Simulation results show that there is a big drift of 23 dB between the first and the last layers. The waterfall on the error rate curves on different layers for QPSK 1/3 provide a measure on the approximate SNR range for each layer to be included in the transmission.
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Figure 3. Error rate performance of 8 different layers in an 8x8 MIMO system.
Figure 4 shows the performance of localized allocation. Now, only 3 consecutive RBs are assigned to the user. Since the first layer enjoys high spatial diversity, it is not affected by lower frequency diversity with localized assignment while the last layer is deeply affected by the lower frequency diversity of localized assignment. 
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Figure 4. Error rate performance of 8 layers in an 8x8 system with localized channel assignment.

In most high order MIMO scenarios, transmit and receive antennas form a linear array. Figure 5 shows the effect of correlation between transmit and receive antennas on the pdf of the singular values, when the correlation between two adjacent antennas is 99%. This deepens the drift between different layers of the channel.
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Figure 5. Pdf of the eight modes in an 8x8 correlated Rayleigh channel (=0.99.
Figure 6 shows the pdf of a correlated 8x8 MIMO channel when the correlation is 95%. The effective correlation between the first and the last transmit antennas is (0.95)7 = 0.7. This reduces some gap between the first and second singular values.
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Figure 6. Pdf of the eight modes in an 8x8 correlated Rayleigh channel (=0.95.
Figures 7 and 8 show the pdf of correlated cross polarized linear arrays with 95% and 99% correlation at each side. It is assumed that the antennas from different polarization are independent. In this case, the first and second singular values behave similar to 2x2 uncorrelated case.
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Figure 7. Pdf of the eight modes in an 8x8 cross polarized correlated Rayleigh channel (=0.99.
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Figure 8. Pdf of the eight modes in an 8x8 cross polarized correlated Rayleigh channel (=0.95.
2.1.2 Number of layers
An 8x8 MIMO system is capable of delivering 8 layers at high SNR values. However, at normal working SNR range, this number is affected by the channel statistical properties. For a linear array of antennas and cross polarized antennas, these numbers are limited compared to uncorrelated antennas. For MIMO channels, water filling provides the best power loading as well as bit loading on different layers [3]. Although, the optimality of water filling is very much affected by the precoder mismatch and maximum allowed spectral efficiency, it provides an estimation of the number of layers deliverable by the channel. 

Figure 9 shows the pmf of the optimal number of layers in an uncorrelated 8x8 Rayleigh MIMO channel at SNR of 3 dB derived using water filling. Based on water filling criterion, the number of layers is about 5.
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Figure 9. PMF of number of layers in an uncorrelated 8x8 MIMO system at 3 dB.
Figure 10 shows the number of layers at 10 dB in an uncorrelated 8x8 MIMO channel which is mostly 6 or 7. As expected, the number of layers deliverable by the system increases as the channel quality increases.
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Figure 10. PMF of number of layers in an uncorrelated 8x8 MIMO system at 10 dB.
Figures 11 and 12 show the number of layers for an array of antennas with adjacent correlation of 95% at 10 and 30 dB. For such a correlated channel, the number of deliverable layers is limited to 3 at 10 dB, while at the high SNR of 30 dB, this number can increase to 6 layers.
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Figure 11. PMF of number of layers in a correlated 8x8 MIMO system at 10 dB ((=0.95).
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Figure 12. PMF of number of layers in a correlated 8x8 MIMO system at 30 dB ((=0.95).
Figures 13 and 14 show the number of layers for an array of antennas with adjacent correlation of 99% at 10 and 30 dB. As the correlation increases, the number of layers decreases. Such antenna configuration is often utilized for single layer beam forming.
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Figure 13. PMF of number of layers in a correlated 8x8 MIMO system at 10 dB ((=0.99).
[image: image14.wmf]1

2

3

4

5

6

7

8

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Rank

PMF of rank at SNR = 30 dB


Figure 14. PMF of number of layers in a correlated 8x8 MIMO system at 30 dB ((=0.99).
3 Summary
In this contribution, we provided some measures on the statistical properties of high order MIMO channels and some simulation results for 8x8 MIMO channels. Results provided in this contribution on the statistical properties of the channel indicate that:
· The number of layers deliverable by a high order MIMO varies with channel statistics and working SNR range.

· Optimal channel utilisation relies on different bit loading and power loading over different layers due to huge drift between their qualities.
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