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1.1. Introduction

In RAN WG1 #55 meeting in Prague, it was agree to have further simulation study on the performance and complexity comparison between OFDMA and SC-FDMA. We have conducted link level simulation of OFDMA and SC-FDMA based UL SU-MIMO transmission schemes, and give analysis of the simulation results as well as some complexity comparison analysis of different receiver types. We first touch upon some of the complexity issues of different receiver algorithms. We also show performance comparison between MMSE equalization, ML equalization, and MMSE equalization with Successive Interference Cancellation. Lastly we show and analyze performance results between OFDM and SC-FDMA under same receiver types.
2.1. Complexity Analysis of MMSE, ML, and Turbo SIC Equalizer

Assuming baseline receiver complexity as MMSE, which has a complexity order of 
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. Here the the number of receive antennas is NR, and the number of subcarriers is NDFT. The ML receiver complexity of OFDMA is 
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, where MQ is the number of constellation point in the received modulation and number of layers is L. For most configurations of reasonable number of layers (less than 4) and modulation order, ML receiver can be practical receiver solution with the help of modern advancement in DSP. The complexity of ML receiver can be further reduced by using sub-optimum ML receiver such as QRM-ML receivers. The ML receiver of SC-FDMA on the other hand is 
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. As the number of subcarriers increase, the complexity order of SC-FDMA ML receiver is simply unpractical.
To achieve more gain through iterative interference cancellation techniques, we may implement Turbo-SIC receivers. Turbo-SIC complexity depends on what kind of receiver we are implementing. For example Turbo-MMSE-SIC complexity can be low compared to ML receivers in case of 64 QAM high rank cases. Although Turbo-MMSE-SIC or Turbo-ML-SIC receivers may give further advances in performance, we need to take into account the latency issues since most of the current receiver processing is taken up by the iterative turbo decoding. Any iterative process obviously will take some hit in latency, due to the fact receiver need to wait until the entire data coding chain has been decoded before it can perform interference cancellation.
3.1. Comparison between ML and Turbo SIC Equalizer
In this section we compared performance difference between MMSE, ML, and Turbo SIC receiver in order to figure out what would be the potential gains of using an advanced receiver. It is well known that ML receiver for SC-FDMA would be almost impossible to implement due to the complexity created by the DFT spreading component. Hence we only have compared the performance between various receiver types based OFDMA system. Table 1 shows the simulation parameters we have used in the link level simulation comparison. Figure 1 shows the BLER link curves under 4 difference MCS configurations.
Table 1. Simulation parameter for receiver performance comparison
	Parameter
	Assumption

	Multiple Access Scheme for UL
	OFDMA

	Carrier Frequency
	2GHz

	System Bandwidth
	5 MHz

	Subframe Structure
	LTE PUSCH

	Reference Signal Sequence
	LTE PUSCH RS

	Resource Allocation
	Localized RB allocation - 25 RB

	Channel Model
	COST 207 TU

	Mobile Speed
	3 Km/hr

	Channel Estimation
	DFT-based real CE

	MCS
	QPSK 1/2, QPSK 3/4, 16QAM 1/2, 16QAM 3/4

	HARQ modeling
	No HARQ transmissions

	Decoder Type
	Max-Log-MAP (max 8 iterations)

	Antenna configuration
	2 Tx – 2 Rx

	Antenna Correlation
	Uncorrelated

	Transmit scheme
	Spatial Multiplexing – 2 Codewords

	Receiver Types
	MMSE, Turbo-MMSE-SIC*, MLD


* : In this simulation comparison we have done 4 Turbo Decoding iterations per MMSE-SIC iteration, and 2 MMSE-SIC iterations.
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Figure 1. Performance comparison between MMSE, ML, and Turbo SIC receiver
From figure 1 we can see that both advanced receivers (ML and Turbo SIC) achieve better performance compared to MMSE in all MCS configurations. The gains are as much as 2 dB to 4 dB, when nominal BLER operating point is assumed to at 10%. Although Turbo SIC receiver shows better performance in low to medium code rates, ML receiver type seem to perform better in the higher code rates. From this we can see that to reap the best potential peak data rates ML receiver seems to be the better choice. If we want to improve performance in the cell edge, then Turbo SIC receiver may be a good choice of implementation, since the lower code rate data will be mostly served for the cell edge UEs.
Obviously we cannot mandate a certain receiver type in the specification, more so since the data reception of UL SU-MIMO/MU-MIMO transmission will be done at the eNB and we are only standardizing an UE specification. If we have the OFDMA as the multiple access scheme for the spatial multiplexed data transmissions, we can give the eNB additional freedom to implement any type of receiver it see fit, and possibly reap the best possible potential performance. Clearly LTE “Advanced” should be a system which is better than any existing wireless communication system, or at least be on par with other IMT Advanced systems. We believe additional freedom of being able to implement ML type receivers or even Turbo-ML-SIC receivers in the eNB, where the extra horse power is actually available could be a good way forward.
4.1. Comparison between OFDM and SC-FDMA
In this section we have simulated performance between OFDM and SC-FDMA based system using the guideline simulation parameters given in the RAN WG1 #55 meeting [1]. Table 2 shows the simulation parameters used in the link level simulation, which should be in line with the guideline parameters.
Table 2. Simulation parameter for multiple access scheme comparison
	Parameter
	Assumption

	Multiple Access Scheme for UL
	OFDMA, SC-FDMA

	Carrier Frequency
	2GHz

	System Bandwidth
	10 MHz

	Subframe Structure
	LTE PUSCH

	Reference Signal Sequence
	LTE PUSCH DM-RS

	Resource Allocation
	Localized RB allocation - 50 RB

	Channel Model
	SCM-C+, SCM-D+

	Mobile Speed
	3 Km/hr

	Channel Estimation
	DFT-based real CE

	MCS
	QPSK { 1/3, 1/2, 2/3 }

16 QAM { 1/3, 1/2, 2/3 }
64 QAM { 1/3, 1/2, 3/4, 8/9 }

	HARQ modeling
	No HARQ transmissions

	Transmit scheme
	Spatial Multiplexing – 2 codewords

	Precoding
	No Precoding

	Codeword to Layer Mapping
	LTE based codeword to layer mapping

	Decoder Type
	Max-Log-MAP (max 8 iterations)

	Antenna configuration
	2 Tx – 2 Rx,
2 Tx – 4 Rx,
4 Tx – 4 Rx

	Receiver Types
	Turbo-MMSE-SIC84++, Turbo-MMSE-SIC24++, MMSE


+ : Channel correlation matrix were created using Kronecker product between alpha, gamma, and beta matrix defined in fixed SCM-C and SCM-D model for link level calibration.
++ : Soft-Symbol Modulated Turbo MMSE-SIC Equalizer; SIC84 means 8 Turbo decoding iterations per SIC iteration with 4 SIC iterations, and SIC24 means 2 Turbo decoding iterations per SIC iteration with 4 SIC iterations.
The simulation results are in the 2x2, 2x4, 4x4 antenna configuration order. Turbo-MMSE-SIC84 receiver results show performance comparison between OFDMA and SC-FDMA assuming the eNB has the capability to do 4 iterative cancellation with maximum turbo decoding iteration of 8 per SIC iteration. For typical implementation this may be a burden due to the turbo decoding latency issues, this is why we have plotted a second Turbo-MMSE-SIC24 receiver results which on rely on maximum turbo decoding iteration of 2 per SIC iteration, which may be feasible assuming the same total decoding latency of MMSE receivers. Other than the ‘Throughput versus SNR’ results, we have attached additional ‘BLER versus SNR’ link curves in the Annex at the end of this contribution. 
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Figure 2. Performance comparison between OFDM and SC-FDMA
assuming MMSE receiver at eNB in 2 Tx – 2 Rx system configuration
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Figure 3. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC84 equalization receiver at eNB in 2 Tx – 2 Rx system configuration
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Figure 4. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC24 equalization receiver at eNB in 2 Tx – 2 Rx system configuration
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Figure 5. Performance comparison between OFDM and SC-FDMA

assuming MMSE receiver at eNB in 2 Tx – 4 Rx system configuration
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Figure 6. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC84 equalization receiver at eNB in 2 Tx – 4 Rx system
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Figure 7. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC24 equalization receiver at eNB in 2 Tx – 4 Rx system configuration
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Figure 8. Performance comparison between OFDM and SC-FDMA

assuming MMSE receiver at eNB in 4 Tx – 4 Rx system configuration
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Figure 9. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC84 equalization receiver at eNB in 4 Tx – 4 Rx system configuration
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Figure 10. Performance comparison between OFDM and SC-FDMA

assuming Turbo MMSE-SIC24 equalization receiver at eNB in 4 Tx – 4 Rx system
Simulation results show that OFDMA outperforms SC-FDMA in most high modulation cases, regardless of receiver types. The performance difference is most critical in 2x2 and 4x4 antenna configurations. Considering the fact that even if the eNB has 4 Rx antennas and each UE only having 2 Tx antennas, eNB may be able to spatially multiplex more than 1 UE resulting in 4x4 configuration to maximize cell throughput.
5.1. Conclusion

In conclusion, simulation results show that OFDMA out-performs SC-FDMA, at the same time OFDMA is able to give eNB implementation more flexibility by allowing implementation of ML receiver or even Turbo-SIC-ML receiver which may give near bound performance. In short we propose to adopt OFDMA as an additional multiple access scheme in LTE Advanced.
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Annex A. Additional Link Curves
The following are additional link curves of OFDMA and SC-FDMA performances under various receiver algorithms. Table 3 gives the mapping between MCS number and the modulation and code rate which the simulation was conducted. We have ordered the simulation results so that 2 Tx – 2 Rx system configuration show first, and then 2 Tx – 4 Rx system configuration come in second.
Table 3. Mapping between MCS number and Modulation and Code Rate
	MCS Number
	Modulation
	Code Rate

	MCS0
	QPSK
	1/3

	MCS1
	QPSK
	1/2

	MCS2
	QPSK
	2/3

	MCS3
	16 QAM
	1/3

	MCS4
	16 QAM
	1/2

	MCS5
	16 QAM
	2/3

	MCS6
	64 QAM
	1/3

	MCS7
	64 QAM
	1/2

	MCS8
	64 QAM
	3/4

	MCS9
	64 QAM
	8/9
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