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1 Introduction

OFDMA has been proposed as an uplink multiple access scheme to support MIMO in LTE-A UL. In order to decide on the adoption of OFDM in LTE-A UL, the decision in RAN1 #55 was to compare the performance and complexity of OFDM and SC-FDMA in UL MIMO evaluation [2].  Accordingly, in this contribution, we compare the performance of SC-FDMA SIC and OFDM MLD based on the similar complexity. The results show that OFDM should be adopted for LTE-A UL MIMO in order to achieve the acceptable performance with meaningful complexity.
2 Performance
2.1 Simulation assumptions
The link simulation parameters are shown in Table 1. We note that Turbo-SIC mentioned in [1] has been employed for SC-FDMA SIC. 
Table 1.  Simulation assumptions for link level simulations
	Antenna configuration
	- 2 TX at UE, 2 RX at eNodeB
- 2 TX at UE, 4 RX at eNodeB

	Channel estimation
	Realistic channel estimation and realistic noise estimation

	MCS
	- QPSK: [1/3, 2/3]
- 16 QAM: [1/3, 2/3]
- 64 QAM: [1/3]

	Channel models
	SCM-C, 3km/h, UE antenna separation ½ lambda

	Hybrid ARQ operation
	No

	Frequency Hopping
	No

	System Bandwidth
	10 MHz 

	PRB Allocation
	6 PRBs to one user

	MIMO mode
	Full-rank open Loop spatial multiplexing without precoding, dual codeword transmission for both 2TX (same codeword-to-layer mapping as DL spatial multiplexing cases)

	Receiver, OFDMA
	- MLD (i.e., ML symbol detector)
- Turbo-SIC utilizing soft output of turbo decoder [1]

	Receiver, SC-FDMA
	- Turbo-SIC utilizing soft output of turbo decoder [1]

	Number of iterations at Turbo decoder in the receiver using MLD
	8 iterations

	Number of iterations at Turbo decoder in the receiver using Turbo-SIC
	- 3 iterations before the interference canceller (IC) stage:  

- 5 iterations after the IC stage: 
It is noted that IC stage has been described in the Turbo-SIC [1]. 

	Number of iterations for IC in the receiver using Turbo-SIC
	2 iterations

	Reference signal arrangement
	 LTE Rel-8 DM RS structure is the baseline.


.
2.2 Results and discussions
Figures 1 and 2 compare the BLER performance of receivers in 2x2 MIMO with QPSK. As shown Figure 1, at the code rate R = 1/3, the performance of SC-FDMA SIC is slightly better than that of OFDM MLD. However, at R = 2/3 in Figure 2, OFDM MLD significantly outperforms SC-FDMA SIC. The performance gain of OFDM MLD is about 2dB at BLER = 0.1. Figures 3 and 4 show the results using 16 QAM with R = 1/3 and 2/3, respectively. The performance of OFDM MLD is clearly superior to that of SC-FDMA SIC, because the performance of OFDM MLD steeply improves at high SNR regions. It is noted that in case of MMSE, the BLER improvement with increasing SNR is limited due to the limitation of MMSE detector. In Figure 5, OFDM MLD also outperforms SC-FDMA SIC in 64 QAM with R = 1/3. The performance gain is about 3 dB. Figures 6, 7, and 8 compare BLER performance of receivers in 2x4 MIMO, according to each modulation scheme with R = 1/3. The performance of OFDM MLD is slightly better than that of SC-FDMA SIC with 16 QAM and 64 QAM, while that of OFDMA is almost the same as SC-FDMA with QPSK. 

Figures 9 and 10 present spectral efficiency of each modulation scheme versus SNR in 2x2 MIMO. In case of QPSK with R = 1/3, the performance of Turbo-SIC is slightly better than that of OFDM MLD. However, in case of R = 2/3, observe that OFDM MLD significantly outperforms SC-FDMA SIC. Also, in other cases (i.e., 16 QAM with R = 1/3 and R = 2/3, 64 QAM with R = 1/3), OFDM MLD is clearly superior to SC-FDMA SIC. As shown in Figure 11, the spectral efficiency of OFDM MLD is slightly better than that of SC-FDMA SIC with 16 QAM and 64 QAM, while there is no practical performance difference between OFDMA and SC-FDMA with QPSK in 2x4 MIMO. 
Figure 12 shows the effect of the iteration number of Turbo decoder and IC stages. For example, in the figure, (3, 5) denotes that the iteration number of Turbo decoder is 3 before the first IC stage, and that is 5 after the first IC stage. It is noted that the Turbo-SIC architecture is described in [1]. In addition, (3, 5, 8, 8) means that the iteration number of Turbo decoder is 3 before the first IC stage, and those are 5, 8, 8 after the first, second, third IC stage, respectively. Observe that after the second IC stage, performance improvement of Turbo-SIC is negligible, although the iteration number of Turbo decoder was set to 8 after the second and third IC stage. 
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Figure 1.  BLER performance of SIC and MLD (2 x 2 Ant., QPSK, R=1/3)
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Figure 2.  BLER performance of SIC and MLD (2 x 2 Ant., QPSK, R=2/3)
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Figure 3. BLER performance of SIC and MLD (2 x 2 Ant., 16 QAM, R=1/3)
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Figure 4.  BLER performance of SIC and MLD (2 x 2 Ant., 16 QAM, R=2/3)
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Figure 5.  BLER performance of SIC and MLD (2 x 2 Ant., 64 QAM, R=1/3)
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Figure 6.  BLER performance of SIC and MLD (2 x 4 Ant., QPSK, R=1/3)
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Figure 7.  BLER performance of SIC and MLD (2 x 4 Ant., 16 QAM, R=1/3)
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Figure 8.  BLER performance of SIC and MLD (2 x 4 Ant., 64 QAM, R=1/3)
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Figure 9.  Spectral efficiency of SIC and MLD (2 x 2 Ant., R=1/3)
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Figure 10. Spectral efficiency of SIC and MLD (2 x 2 Ant., R=2/3)
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Figure 11. Spectral efficiency of SIC and MLD (2 x 4 Ant., R=1/3)
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Figure 12.  BLER performance of Turbo-SIC according to the iteration number of Turbo decoder and IC stages (2 x 2 Ant., SC-FDMA, R=1/3)
2.3 Summary of the performance comparison
· OFDM MLD outperforms SC-FDMA SIC with similar complexity. 
· At the high code rate R = 2/3, OFDM MLD significantly outperforms SC-FDMA SIC in 2x2 MIMO with QPSK, 16 and 64 QAM, up to about 7 dB.
· At the low code rate R = 1/3, the performance of OFDM MLD is clearly superior to that of SC-FDMA SIC in 2x2 MIMO with 16 and 64 QAM, up to about 2dB.
3 Complexity

In the following table, we have summarized the quantitative complexity analysis of the sub-blocks of the SC-FDMA Turbo SIC and OFDM MLD. The sub-blocks in Table 2 are what are additionally needed in the corresponding decoder and thus do not exist in the other detector. The complexity is given in the order of the number of required complex multiplications. For the case of Turbo SIC, the number of the interference cancellation is assumed to be one.

Table 2. Complexity of the sub-blocks employed in SC-FDMA Turbo SIC and OFDM ML detectors.
	
	Sub-block
	Complexity
	Remarks

	SC-FDMA Turbo SIC
	LLR computation for parity bits in Turbo decoder
	2(2K(N( log2M
	- K: constraint length

- 2K: the number of states in MAP decoding

- 2(2K: decoder 1 and decoder 2

- N: number of scheduled subcarriers

- M: modulation order
- log2M: number of bits per modulation symbol

	
	Interleaving of LLR of the information and parity bits
	?
	- Not easy to quantify the interleaving complexity

- Thus, this complexity was neglected in the assessment in Table 3.

	
	LLR to modulation symbol mapping
	2(N(M(log2M
	- Each of M constellation points is multiplied with the probability of the code bits contained in each modulation symbol

	
	DFT
	6(N(log2N
	- FFT/IFFT complexity is N(log2N when 2N FFT size is assumed

- One IDFT for each codeword before IC

- One DFT for each codeword in IC iteration 

- One IDFT for each codeword after IC

	
	Interference canceller
	2(N
	- Scaling of the soft modulation symbols by the channel value before the cancellation for each code word

	
	MMSE
	2(22(N
	- 2x2 MIMO is assumed

	OFDM MLD
	Max-Log-Map Symbol Detector for ML detection
	N(M2
	- M2: 2x2 MIMO is assumed


Based on the above assessment, we give some examples of the complexity comparison between SC-FDMA Turbo SIC and OFDM MLD.

Table 3. Complexity comparison of SC-FDMA Turbo SIC and OFDM MLD.
	Modulation order
	# of RBs
	Complexity

(# of complex multiplications)
	Relative MLD complexity

	
	
	SC-FDMA Turbo SIC
	OFDM 

MLD
	

	4
	6
	7200
	1152
	0.16

	
	50
	38400
	9600
	0.13

	16
	6
	17568
	18432
	1.04

	
	50
	153600
	153600
	0.97

	64
	6
	73728
	294912
	4.47

	
	50
	614400
	2457600
	4.38


As seen in Table 3, the complexity of OFDM MLD is much less than that of SC-FDMA Turbo SIC in cases of QPSK and for 16-QAM, the two schemes show similar complexity. In case of 64-QAM, the complexity of OFDM MLD is about 4.4 times larger than that of SC-FDMA Turbo SIC. But, the complexity difference for the 64-QAM case is within the manageable range and we can decrease the complexity of OFDM MLD by an order of magnitude by adopting QRM MLD with acceptable performance degradation. 

4 Conclusion
We have evaluated the performance and complexity of OFDM MLD and SC-FDMA SIC. The evaluation results show that OFDM MLD with similar complexity outperforms SC-FDMA SIC by a few dB. Especially, in case of high code rate, the performance of SC-FDMA SIC is severely degraded, while OFDM MLD still works very well. It is also noted that even the performance of OFDM SIC is much better than that of SC-FDMA SIC without needing additional DFT and IDFT operations. Therefore, we propose that OFDM is adopted in LTE-A UL MIMO.
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