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1. Introduction
MIMO is considered essential for E-UTRA to provide high data rate and increased system capacity for OFDMA downlink. It is also desirable to use MIMO for SC-FDMA uplink for the same reasons. As stated in [1], the E-UTRA should support an instantaneous uplink peak data rate of 50Mb/s (2.5 bps/Hz) within a 20MHz uplink spectrum allocation. It has been concluded that at least 2x2 MIMO is necessary to achieve the required uplink throughput [2], [3]. We have shown significant improvement in data rates and throughput using MIMO precoding for SC-FDMA in the uplink [4]. It has also been shown that to achieve the highest throughput in uplink transmission the use of precoding is a necessity [5].
This contribution extends previous work by presenting results and comparisons for single and double codeword uplink transmissions using precoded Transmit Eigen-Beamforming (TxBF) with SC-FDMA MIMO. 
2. System operation and description 
2.1. Functional Description
Figures 1 and 2 show transmitter block diagrams and figures 3 and 4 show receiver block diagrams for single codeword (SCW) and double codeword (DCW) configurations of uplink MIMO using TxBF. Table 1 describes each functional part in the transmitter and receiver. Full channel state information is assumed to be fed back from the Node B to the UE. (Techniques for reduced rate feedback are described in contribution 6-xxxxx [5]).  
Table 1  Description of each functional part in the transmitter and receiver
	
	Function
	Description

	Transmitter
	Channel Encoder
	Turbo Encoding

	
	Puncturing and Spatial Parsing
	Rate matching and spatial bit mapping

	
	Frequency Interleaving
	Bit interleaving

	
	Constellation Mapping
	QPSK, 16-QAM mapping

	
	Channel State Information
	Channel state information for the transmitter may be derived from the feedback of CSI from the Node B 

	
	2-D Spatial Transform
	May implement SM, STC, or TxBF using the same functional interface.

	
	Sub-Carrier Mapping
	Either distributed or localized sub-carrier mapping may be accommodated.

	Receiver
	Channel Estimation
	Channel estimation is done on a per sub-carrier basis using LMMSE. 

	
	Space Time Decoding (STD)
	STD decodes the STC if present.

	
	Sub-Carrier Demapping
	

	
	MMSE
	This contribution demonstrates results using an MMSE decoder. An MMSE-SIC or ML receiver could also be used at the cost of higher Node B complexity.

	
	Channel Decoder
	Turbo Decoder
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Figure 1. Single Codeword Transmitter Block Diagram
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Figure 2 Double Codeword Transmitter Block Diagram
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Figure 3. Single Codeword Receiver Block Diagram
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Figure 4 Double Codeword Receiver Block Diagram
2.2. Detail description of Single and Double Codeword TxBF
The algorithm for single and double codeword TxBF is the same, however for double codeword transmission each codeword is transmitted on a separate spatial stream. This is implemented using a spatial parser in as shown in Figure 2 and Figure 4 for the transmitter and receiver respectively. The transmit processing labels are depicted in Figure 5.
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Figure 5 Transmit Processing Labels

TxBF at the UE

For TxBF or eigen-beamforming the channel matrix is decomposed using a SVD or equivalent operation as
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The 2-D transform for spatial multiplexing, beamforming, etc. can be expressed as 
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where the matrix T is a generalized transform matrix. In the case when transmit eigen-beamforming is used, the transform matrix T is chosen to be a beamforming matrix V which is obtained from the SVD operation above, i.e., T = V. This is similar to eigen-beamforming for OFDMA, however modified to apply to SC-FDMA. 
MIMO Detector at the NodeB

MIMO detection using an LMMSE receiver can be expressed as
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where R is the receive processing matrix, 
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 are the correlation matrices and 
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is the effective channel matrix which includes the effect of the V matrix on the estimated channel response.

3. Simulation Results

3.1. Simulation assumptions

The simulation parameters assumed are given in Table 2. SCME-C and D channel models were used. 
Table 2 Simulation parameters
	Parameter
	Assumption

	Carrier frequency
	2.0 GHz

	Sampling frequency
	7.68 MHz

	Transmission bandwidth
	5 MHz

	TTI length
	0.5 ms

	Number of long/short blocks per 0.5ms TTI
	6/2

	Number of occupied subcarriers
	300

	FFT block size
	512

	Number of used subcarriers for data
	256

	Cyclic Prefix (CP) length
	5.078 us (39 samples)

	Channel models
	SCME-C and SCME-D

	Antenna configurations 
	2 x 2 (MIMO)

	Moving speed
	3 km/h 

	Data modulation
	QPSK and 16QAM 

	Channel coding 
	Turbo code with soft-decision decoding 

	Equalizer 
	LMMSE

	Feedback error
	None (Assumed Ideal)

	Channel Estimation
	Ideal channel estimation


In Table 3 we list the achievable throughputs for various selections of the MCS for each spatial stream. It is worth noting that the maximum achievable throughput using a double codeword and practical code rates in 5 MHz is 19.968 Mbps, which scales to 79.87 Mbps in a 20 MHz bandwidth, and has a spectral efficiency of 4 bps/Hz. 

In our simulations we used the same code rate for DCW as used for SCW in order to properly compare them. Also, it is impractical to use the same modulation for SCW for both streams when using TxBF, so only combinations of QPSK and 16QAM are shown. Therefore, the higher throughput achievable with DCW is not shown.
Table 3. Achievable data rates and spectral efficiency for double codeword in a 5 MHz bandwidth
	MCS
	Achievable data rate (Mbps)
	Spectral efficiency (bps/Hz)

	16QAM r7/8– 16QAM r3/4
	19.9680
	3.99

	16QAM r7/8– 16QAM r1/2
	16.8960
	3.38

	16QAM r7/8– 16QAM r1/3
	14.8480
	2.97

	16QAM r5/6 – QPSK r1/8
	11.08
	2.22

	16QAM r5/6 – QPSK r1/2
	10.752
	2.15

	16QAM r3/4 – QPSK r1/6
	10.24
	2.05

	16QAM r1/2 – QPSK r1/3
	8.192
	1.64

	16QAM r1/2 – QPSK r1/6
	7.168
	1.43

	16QAM r1/3 – QPSK r1/8
	4.864
	0.97

	16QAM r1/4 – QPSK r1/8
	3.840
	0.77


3.2. Simulation Results and Discussion
Figure 5 below shows a comparison of the performance for single and double codeword using uplink TxBF MIMO for 2 antennas at the UE and NodeB with SCME-C channel. Figure 6 shows the same comparison with SCME-D channel. The performance is similar for both channel models. Notice that the DCW achieves a higher throughput at lower SNRs, while the opposite is true at higher SNRs where the SCW performs better than DCW. The difference is more pronounced at the highest data rates where a 3 dB difference can be seen. Eventually, since equal modulation and coding was used, both schemes reach the same maximum throughput, almost 14 Mbps in 5 MHz for the highest MCS simulated. 
The reason that DCW performs better at lower SNR is because the upper eigenmode has higher SNR than the total system SNR. Therefore at low SNR that stream contributes some successful transmissions while the lower stream generally does not. However, at higher SNR the lower stream still has relatively high BLER which tends to reduce the total throughput for DCW. But, in the case of SCW, the upper stream protects the lower stream because the coding covers both streams. This results in an overall lower BLER for SCW at higher SNRs. Note that HARQ is not simulated; inclusion of HARQ may affect these results and will be considered in a later contribution.
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Figure 5. Throughput Comparison of Single and Double Codeword for UL TxBF MIMO for SCME-C channel
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Figure 6. Throughput Comparison of Single and Double Codeword for UL TxBF MIMO for SCME-D channel
4. Conclusions

The achievable uplink throughput and spectral efficiencies for TxBF for SC-FDMA MIMO using single and double codewords in a 5 MHz BW has been presented. DCW has an advantage over SCW at lower SNRs, ranging from 1 to 3 dB depending on MCS. The opposite is true at higher SNRs where SCW reaches maximum throughput at somewhat lower SNR than DCW. The effects of the different channel models, SCME-C and D, appear to be small. 

From these results it may be concluded that very high uplink throughput, about 2.8 bps/Hz, can be achieved using either method. However, DCW can achieve a higher throughput, about 4 bps/Hz, since it can use 16QAM on both streams.
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