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1 Introduction
In a communication system, if the transmitter has some knowledge about the channel coefficients, it can exploit this knowledge to improve the throughput and transmission reliability.  One method of exploiting this knowledge is by forming beams from the transmitter towards the receiver. After performing unitary transformations at the transmitter and receiver, a linear MIMO channel with additive white Gaussian Noise (AWGN) changes to a set of parallel and uncorrelated pipes of data. Beam-forming is transmission of data over these pipes. Another method is for the regular open loop schemes to be used but with the transmitter using only a subset of the transmit antennas to transmit the data to the receiver. This method is called antenna selection (AS).
2 System Description
We consider a downlink wireless communication channel that consists of four (4-branch) transmit antennas. We assume that the receiver is a UE with two receive antennas. The following closed-loop schemes are considered, as well as several open loop schemes with antenna selection.
· Spatial multiplexing/antenna selection (SM/AS):

· In this scheme, one or two transmit antennas are selected for 1-layer or 2-layer transmissions, respectively. Each transmitter transmits their data separately.  When antenna selection is used, only a subset of the antennas are used, this subset being chosen to maximize the capacity. The feedback required for this method is the choice of transmit antenna combination (2 and 3 bits per sub-band per feedback update for 1- and 2-layer transmissions, respectively.)
· Space-time transmit diversity/antenna grouping (STTD/AG):

· In this scheme, the two best antennas are selected (using link gain as the criteria, as in 1-layer transmission, higher link gain results in higher capacity) and the data layer is transmitted using Alamouti space-time transmit diversity (STTD). The feedback overhead for this scheme once again the choice of transmit antennas (3 bits per sub-band per feedback update).
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· 2-Layer:

· In this scheme, all four transmit antennas are used to send the two layers using the following STTD scheme. However, there are three ways to pair up the four transmit antennas. The best pairing which increases the capacity is then selected. The feedback overhead in this case is 2 bits per sub-band per feedback as only there are three possible combinations.
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· Beam-forming (BF):

· In this scheme, the channel matrix is decomposed to a set of parallel and uncorrelated pipes of data using singular value decomposition (SVD).
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where U and V are unitary matrices and D is diagonal. If the transmitted signal in the transmitter multiplies by the precoding matrix V, and the received signal multiplies by UH, the equivalent channel matrix is D, which is a diagonal matrix. To feed back the precoding matrix to the transmitter, the following schemes can be used.

· Codebook: In this scheme, the receiver calculates the precoding matrix for each sub-band and finds the closest precoding matrix within a codebook and sends the corresponding index. The codebook size is usually 16 to 64. The feedback overhead is then, 4 to 6 bits per sub-band per feedback update.
· Channel Coefficient feedback: In this scheme, the receiver returns the quantized channel coefficients to the transmitter. The feedback overhead for this scheme is huge and for a 4x2 system and 64-level quantization is 48 bits per sub-band per feedback update.


3 Performance Evaluation
Theoretically, beam-forming along with water-filling and per layer loading provides the best possible throughput in a closed loop system. However, feedback schemes degrade the performance of BF due to quantization. On the other hand, feedback errors degrade the performance even more. Sub-band averaging, channel aging and channel estimation errors affect the performance of all closed loop schemes. In this contribution, we compare the performance of different closed loop schemes.
4 Simulation Parameters

The following parameters are used to simulate the performance of these schemes, unless otherwise is specified.
· Channel bandwidth = 10 MHz
· Number of used bandwidth = 48 sub-carriers
· TTI size = 4 sub-frames = 2 msec = 28 OFDM symbols
· FFT size = 1024

· Sampling frequency = 15.36 MHz

· Channel model GSM TU-1 with 3 Km/h
· Cyclic Prefix: 72 samples

· Localized partial band assignment [1]
· Total number of data tones: 1024

· Receiver: MMSE

· Sub-band width = 12 adjacent sub-carriers in frequency direction (one feedback per sub-band per feedback update)
· Feedback update: once per TTI = 2 msec

· Feedback delay: two TTIs = 4 msec

· MCS set:

Table1: MCS set used for simulation

	# of Layers
	Coding Rate
	Modulation
	Rate, Bit/SubCarrier

	1
	1/2
	QPSK
	1

	1
	1/2
	16-QAM
	2

	1
	1/2
	64-QAM
	3

	2
	1/2
	16-QAM
	4

	2
	1/2
	64-QAM
	6

	2
	2/3
	64-QAM
	8


5 Link Level Simulation Results
Figure 1 represents the link-level simulation results comparing SM/AS, STTD/AG and ideal SVD/BF for rates 1, 4 and 8 (refer to table 1). As it can be seen from the figure, ideal beam-forming outperforms antenna selection by about 3 dB. However, ideal SVD/BF is impossible due to quantization error and imperfect feedback channel. In comparison, antenna selection and antenna grouping have similar feedback overhead but antenna selection outperforms antenna grouping in all SNR regions. 
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Figure 1. Performance comparison of different closed loop schemes for rates 1, 4 and 8
Figure 2 shows the effect of channel coefficient quantization on the performance of the SVD/BF downlink system. In this simulation, each channel coefficient is quantized by a 64-level quantizer. The overall feedback overhead is 48 bits per sub-band per feedback update which makes it impractical. It can be seen that the overall performance degradation with this quantization is very low in low SNR region. However, as the SNR increases, the degradation deepens, because quantization noise dominates when the thermal noise is low. 
Figure 2 also shows the effect of feedback channel error rate (BERFB) of 0.01 on the performance of SVD/BF. Two scenarios are studied here. In the first scenario, only common pilots (CP) are present and there is no mechanism to detect the feedback errors. In this case, an error floor appears. In the second scenario, it is assumed that an error detection algorithm is implemented. This algorithm can be use of pre-coded dedicated pilots (DP) or beacon pilots or any other method that informs the receiver the pre-coded matrix used at the transmitter. In this case, a small degradation in the performance is observed. 
Here, we refer to a mechanism by that UE some how knows the mismatch between its precoder and what is used by the BS as the pre-coded ‘dedicated’ pilots.  BS can inform UE about its precoder index by dedicated pilots or any other methods. The alternative methods include: (i) BS can send the index of the precoder matrix to the UE through the control channel, or (ii) BS uses some beacon pilots for this purpose and as a result, UE uses exactly the same pre-coder matrix used by the BS for detection. With a dedicated pilot, the performance cannot be worse than 2-branch open loop, while without it, an error floor appears.
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Figure 2. Effect of channel coefficient quantization on the performance of the SVD/BF for rates 1, 4 and 8
In Figure 3, we compare the performance of a closed loop system with codebook quantization with respect to ideal beam-forming and antenna selection. The size of the codebook is 64 which means that the feedback overhead is 6 bits per sub-band per feedback update. In this case, the performance degradation is 1 to 2 dB in different SNR regions. Furthermore, a BERFB of 0.01 in the feedback link even with using dedicated pilots imposes another 0.5 dB degradation in the performance. The overall performance in this case is only 0.5 to 1 dB better than antenna selection.
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Figure 3. Effect of precoding matrix quantization on the performance of the SVD/BF for rates 1, 4 and 8
Figure 4 shows the overall achievable throughput from ideal SVD/BF, antenna selection and 6-bit codebook quantization with BERFB of 0.01 with use of dedicated pilots. It can be seen that ideal beam-forming outperforms antenna selection by about 3 dB. However, 6-bit precoder matrix quantization in an imperfect feedback link results in about 2 dB degradation in the performance.
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Figure 4. Overall throughput of different closed loop schemes
Figure 5 compares the throughput performance of ideal SVD/BF and SM/AS with open-loop schemes. The figure also includes the throughput of the best 4-branch scheme which is space-time transmit diversity with antenna hopping (STTD/AH) and 2-branch spatial multiplexing (SM) [1]. It can be seen that SVD/BF provides about 7.5 dB gain over 2-branch transmission and around 5 dB over STTD/AH and around 3 dB gain over SM/AS.
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Figure 5. Comparison of the overall throughput for closed loop and open loop schemes
6 Comparisons 

6.1 Performance
Simulation results provided in this contribution shows that in a TU channel and 4-branch system with two receive antennas, ideal beam-forming provides the best throughput and transmission reliability among all possible open loop and closed loop schemes. However, channel coefficient or codebook precoding quantization are required to reduce the feedback overhead. Quantization error and imperfect feedback channel result in some degradation in the performance. 
6.2 Complexity
In an ideal beam-forming system, the receiver performs the SVD operation. If codebook quantization is being used, it also needs to search within a codebook. It should be mentioned that some codebook search algorithms find the codebook without performing the SVD operation. For the channel coefficient feedback scheme, the precoding matrix is selected at the transmitter side and the receiver does not need to perform SVD operation (if dedicated pilots are used). In the SM/AS scheme, calculation of pre-coding matrix is easier with respect to SVD/BF and is based on a few linear operations. 
7 Conclusion
In this contribution, we compared the performance of several downlink closed loop schemes: SVD/BF, SM/AS and STTD/AG and compared their performance to open loop schemes: STTD/AH and 2-branch SM. Simulation results provided in this contribution show that:
· STTD/AG possesses similar feedback overhead and complexity but is outperformed by SM/AS.
· Ideal SVD/BF provides the highest throughput and reliability among all closed loop and open loop schemes. 
· Codebook quantization can reduce the feedback overhead of SVD/BF. However, it adds the complexity of codebook search at the receiver side. Lower feedback overhead comes with the price of performance degradation compared to ideal SVD/BF. The non-ideal SVD/BF still outperforms SM/AS.
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