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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 [2], we studied statistical properties of high-order MIMO channels and their capabilities to deliver multi-layer data. Results in [2] show that due to a big drift between the statistical properties of the singular values of the channel, the number of layers saturates as the number of antennas grow. We also provided some MU-MIMO simulation results and the gain by a simple dirty paper coding algorithm. Here, we provide further simulation results on the effect of feedback granularity and feedback quality on the performance of MU-MIMO schemes.
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 [3]. 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 section, we provide some high order SU-MIMO and MU-MIMO simulation results 
2.1 Single user MIMO
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.
Figure 1 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 1. Error rate performance of 8 different layers in an 8x8 MIMO system.
Figure 2 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. 
[image: image2.wmf]-10

-5

0

5

10

15

20

25

10

-3

10

-2

10

-1

10

0

 

 

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Layer 7

Layer 8


Figure 2. Error rate performance of 8 layers in an 8x8 system with localized channel assignment.

2.2 Multi-user MIMO

In [4-7], sum-rate and capacity region for MU-MIMO scenarios are studied. However, these results rely on optimal dirty paper coding and are rather complex. In this section, we provide some simulation results for a linear iterative precoder and postcoder selection. We also provide simulation results for a simple single-tone dirty paper algorithm on top of the linear iterative method. 
2.2.1 Iterative precoder selection

The iterative method provided here solves for linear precoder and postcoders in a MU-MIMO scenario. Consider the system in Figure 3, which consists of two users each with 4 receive antennas and a transmitter with 8 transmit antennas. The goal is to transmit two layers to each user. The transmitted streams are X11, X12, X21 and X22 and the processed received streams are Y11, Y12, Y21 and Y22. The Precoders and postcoders are iteratively optimized using different criteria such as MMSE. With this method, with a selected precoder, the postcoders are selected such that they minimize the interlayer interference. Then, based on the selected postcoders, the precoder at the transmitter is optimized. The iteration continues until the precoder and postcoders converge.
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Figure 3. Linear precoder and postcoders for MU-MIMO
2.2.2 Simple dirty paper coding

Dirty paper coding achieves the capacity region of an interference channel with a rather complex algorithm [8]. However, a simple dirty paper algorithm that applies single-tone modulo operation requires an affordable level of complexity [9]. The complexity at the transmitter includes finding the best transmission set at the transmitter which minimizes the transmitted power and minimizes the interlayer interference. At the receiver side, the UE should perform a simple modulo operation while calculating the LLR values.
2.2.3 MU-MIMO simulation results

Figures 4 to 6 provide MU-MIMO simulation results for a system of two users each with four receive antennas and a transmitter with eight transmit antennas. Modulation is 64QAM and coding rate is 1/2. The number of transmitted layers in Figures 4, 5 and 6 is 1, 2 and 3, respectively. Channel estimation is assumed ideal and a linear precoder and two linear postcoders are iteratively optimized. The long term SNR for both users are equal and the channel model is SUI type 4. We assume that the AoD for the Los part of the channel for the two users is the same. Simulation results show that the simple dirty paper coding technique provides 1 to 2.5 dB gain over linear precoding/postcoding system depending on the number of transmitted layers. However, the complexity of dirty paper coding at the transmitter increases as the number of layers increases. 
[image: image4.emf]3 3.5 4 4.5 5 5.5 6 6.5 7

10

-3

10

-2

10

-1

10

0

8x4x2 Multiuser MIMO, SUI-4, 1-layer to each node, 64-QAM 1/2

SNR1 = SNR2

BLER

 

 

Linear Precoder/Postcoder

Linear Precoder/Postcoder+Dirty paper coding


Figure 4. Error rate performance for 8x4x2 MU-MIMO system with one layer for each receiver.
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Figure 5. Error rate performance for 8x4x2 MU-MIMO system with two layers for each receiver.
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Figure 6. Error rate performance for 8x4x2 MU-MIMO system with three layers for each receiver.

Figure 7 shows the effect of CSI quality at the transmitter. It is assumed that the channel knowledge is 6 or 10 dB better than the data SINR. All other assumptions are similar to those of Figure 2. Simulation results show that such imperfect CSI knowledge results in a performance degradation of 1 and 2.5 dB respectively for the linear precoders. However, the dirty paper coding gain is not affected deeply by CSI inaccuracy at the transmitter.
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Figure 7. Effect of CSI inaccuracy on the performance of 8x4x2 MU-MIMO.
Figure 8 shows the effect of feedback frequency granularity on the performance of the MU-MIMO system for 1 report per RB. The results show that a performance degradation of 1 dB is resulted by such  lower feedback frequency granularity.
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Figure 8. Effect of feedback granularity on the performance of 8x4x2 MU-MIMO.

Figure 9 shows the effect of lower co-channel correlation on the performance of 8x4x2 MU-MIMO. For low co-channel correlation, it is assumed that the AoD to user 2 is such that every two adjacent elements in the array experience (/8 phase difference in the LoS component. Such phase delay for user 1 is assumed 0. Simulation results show that such lower co-channel correlation improves the performance of linear MU-MIMO precoding. However, as the precoder tends to be unitary when the co-channel correlation is low, the dirty paper coding gain becomes limited.
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Figure 9. Effect of co-channel correlation on the performance of 8x4x2 MU-MIMO.

3 Summary
In this contribution, we provided some simulation results for single user and multi user high order MIMO. Simulation results for single user MIMO shows that although theoretically, the number of transmitted layers grows linearly with the number of deployed antennas, in real systems even without correlation, the channel quality for the top layers degrades fast and the actual number of supported layers is less than the number of antennas. 

We also provided some simulation results for multi user MIMO with perfect channel knowledge at the transmitter and using an iterative algorithm find the precoder and postcoder at the transmitter and the receivers. We also study the performance of a simple dirty paper coding algorithm in such scenario. This provides a perspective on the upper bond of the system performance. Further study is required to investigate low complex system that approach the system capabilities while maintains reasonable complexity and feedback overhead. Simulation results provided in this contribution also study the effect of feedback quality and granularity as well as the effect of channel statistics on the performance of MU-MIMO schemes. These results show that MU-MIMO precoding for higher spectral efficiencies is sensitive to inter-layer interference caused by CSI inaccuracy due to lower feedback quality or feedback granularity. Moreover, a proper user pairing based on lower co-channel correlation improves the MU-MIMO performance and lowers the gain available by dirty paper coding. 
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Summary: Recent theoretical results describing the sum capacity when using multiple antennas to communicate with multiple users in a known rich scattering environment have not yet been followed with practical transmission schemes that achieve this capacity. W.....
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