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1 Introduction
In an MIMO communication system, as the received signal set has a regular structure, lattice decoding methods can be used for detection. However, the complexity of the optimum lattice decoding grows exponentially with the number of transmit antennas, and with the constellation size. Several sub-optimum MIMO detectors have been proposed based on nulling and interference cancellation (IC), which essentially perform zero-forcing (ZF) or minimum-mean-square-error (MMSE) equalization. The performance of such detectors is significantly inferior to that of the maximum likelihood (ML) detector. Sphere decoder (SD) [1], [2] is used as a detection method for MIMO systems with near ML performance. In SD, the lattice points inside a hyper-sphere are checked and the closest lattice points are determined.
The optimum a posteriori probability (APP) MIMO detector, also known as maximum likelihood decoder (MLD), has a very large complexity, because it enumerates all the signal points of the lattice for the soft metric computation. To reduce the complexity, several schemes are proposed based on finding a small set (list) of highly probable points for computing the soft values (metric of the bits). List sphere decoder (LSD) [3] is a method in this category which uses a list of candidates inside a preset sphere for computing the soft information.

The version of list sphere decoder which is used in this contribution is called parallel sphere decoder (PSD) [4]. In PSD, the traditional SD is modified to work in a parallel manner. The PSD grows all the nodes at a given level of the tree simultaneously to find the best paths. During the parallel search, the m-algorithm helps the PSD to reduce the complexity by eliminating some branches. At each level of the tree growing, existing nodes are explored inside the sphere, the new extended branches are ordered, and finally, the m-best branches are selected and the rest are eliminated.

Complexity of the PSD depends on the two parameters: sphere radius and m. To reduce the overall complexity of the PSD, the radius of the sphere is selected proportional to the received noise power:
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In this contribution, the performance of MMSE receiver is compared to the PSD to see the benefit of the PSD specially in the open loop schemes. It will be shown that PSD outperforms MMSE. The advantage of PSD is that it increases the coverage of the system, improves the performance at the cell edges and increases the throughput.
2 System Description
We consider a downlink wireless communication channel that consists of four transmit antennas (4-branch). We assume that the receiver is a UE exploiting two receive antennas. The following open-loop schemes are considered.
· 4-Branh, 2-layer transmission:

· STTD
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· STTD/AH
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We have selected STTD/AH for study, because according the results presented in [5], STTD/AH is the best scheme for a two-layer open loop system. Some results are presented for closed loop schemes [6], as well.

3 Simulation Parameters

The following parameters are used to simulate the performance of these schemes.

· Channel bandwidth = 10 MHz
· Sampling frequency = 15.36 MHz
· FFT size = 1024
· Cyclic prefix: 72 samples

· Used band-width per user = 48 sub-carriers
· TTI size = 4 sub-frames = 28 OFDM symbols = 2 msec

· Total number of data tones: 1024

· Localized partial band assignment [5]
· Channel model: GSM TU-1 with 3 Km/h
· Receiver: MMSE or PSD
· MCS set:
Table1: MCS set used for simulation
	Number of Layers
	Coding Rate
	Modulation
	Rate, Bit/Sub-carrier

	2
	1/2
	16-QAM
	4

	2
	2/3
	64-QAM
	8


4 Link Level Simulation Results
Figure 1 represents the simulation results for rate 4 STTD. According to this figure, PSD outperforms the traditional MMSE receiver. The gain we can achieve by using the PSD depends on the number of maximum points that we are looking for inside a predefined sphere. In this figure, m is set to three different values: 64, 128, and 256. It seems that 128 points is good enough to achieve a reasonable gain while keeping the complexity in a feasible range. In these results, the radius of the sphere is fixed, and Kr is set to 4. Note that exhaustive search MLD in this configuration requires to enumerate 164 = 65536 points which is practically infeasible. 
After MMSE decoder, each layer is separated to compute the soft values. In this scheme, the number of points to calculate the soft values is 4 QAM symbols × 16 constellation points = 64.  Therefore, with m = 64, the complexity of point search in the MMSE and PSD are comparable, while the performance of PSD is better than MMSE even with maximum 64 points in the tree.
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Figure 1. Performance comparison of MMSE and PSD for rate 4, STTD.
Figure 2 shows the same results as in Figure 1 for STTD/AH. Again, the simulation results show about 1dB gain over MMSE decoder with m=128 points within the sphere. The number of points in the MLD decoder in this configuration is 65536, too. For 64-QAM symbols and MMSE decoder, the number of point search is 4 × 64 = 256. With the same number of points in the tree, PSD outperforms MMSE by about 1.3 dB.
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Figure 2. Performance comparison of MMSE and PSD for rate 4, STTD/AH.
Figures 3 and 4 show the simulation results for STTD and STTD/AH when the modulation constellation is 64-QAM and the turbo coding rate is 2/3. The overall rate in this case is 8 bits per tone (refer to Table 1). In this configuration, MLD needs to calculate 644 = 16,777,216 different possible points!! This highlights the importance of practically feasible low-complexity decoders. As shown in Figures 3 and 4, PSD with m = 128 and 256 points result in about 1 dB gain over MMSE. These figures also show the effect of the sphere radius on the overall performance. With a small sphere radius (Kr = 0.8), PSD does not perform very well as there are not enough number of points remaining in the sphere to calculate the soft values.
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Figure 3. Performance comparison of MMSE and PSD for rate 8, STTD.
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Figure 4. Performance comparison of MMSE and PSD for rate 8, STTD.
In an ideal closed loop system [6], the equivalent channel is diagonal and there is no need for MLD or sequential decoders. However, pre-coder quantization, channel aging and channel averaging over sub-band leave the equivalent channel with some residual inter-layer interference. Figure 5 shows the simulation results for a closed loop SVD/BF with rate 4. The feedback mechanism performs a 64-level codebook quantization. As shown in this Figure, PSD results in 1 dB gain over MMSE receiver even with m = 64. Note that MLD in this case is PSD with a sphere radius of infinity and m = 256.
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Figure 5. Performance comparison of MMSE and PSD for 6-bit pre-coder quantization SVD/BF, rate 8.
5 Comparisons 

PSD outperforms MMSE decoder in both open loop and closed loop schemes. The performance and complexity of PSD varies with the selection of the number of points in the tree and the sphere size. Simulation results in this contribution show that with only about 128 points in the tree and Kr = 4, PSD results in about 1 dB gain over MMSE. The complexity of PSD is linear to the number of points in the tree and does not increase with the number of layers and size of the constellation, whereas in MLD where the complexity increases polynomially with the constellation size and exponentially with the number of layers. 
6 Conclusion
In multi-layer open loop and closed loop schemes, the equivalent channel matrix is not orthogonal and imposes strong inter-layer interference specially when the channel matrix is ill-conditioned. In this case, the performance of MMSE decoder degrades due to high residual inter-layer interference. PSD as a sequential detector provides near MLD performance with reasonable complexity. The choice of the number of points in the tree and the sphere radius affects the complexity and overall performance of the decoder. Simulation results show that a maximum 128 points in the tree with Kr = 4 is a suitable choice to achieve 1 dB gain over MMSE in both open loop and closed loop schemes. The complexity of soft value calculation in PSD is comparable to MMSE decoder while providing about 1 dB gain. With joint, iterative detection/decoding more gain is available. The benefit of PSD is to increase the cell coverage and throughput. In addition, the parallel structure of PSD is suitable for hardware parallelization.
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