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1. Introduction

In [1]-[3], OFDM was proposed to be considered as an additional uplink access scheme in LTE-A.  The decisions depends on the trade-off between performance gain and the complexity of multiplexing OFDM and SC-FDMA transmissions, as well as the impact on existing UL PUCCH design (including data/control multiplexing in PUSCH). A preliminary study of system impact can be found in [5]. This contribution provides some evaluation results on the performance comparison. 
2. Performance Comparison of OFDMA and DFT-S-OFDM
A main advantage of DFT-S-OFDM is the low cubic metric compared to OFDM as summarized in Table 1 for 16-QAM.  The cubic metric saving translates to higher maximum transmit power, hence very beneficial to cell-edge users that transmit at maximum or near-maximum power, especially in noise-limited environments. Since only a fraction of UEs will transmit at the maximum output power, it is worthwhile to investigate the impact on UEs in the cell interior that often transmit using only a portion of the maximum power.
Table 1.  Cubic metric advantage for DFT-S-OFDM compared to OFDM (16-QAM).

	Number of Cluster
	Carrier Aggregation Mode

	
	Contiguous
	Non-Contiguous

	1
	1.9
	Not applicable

	2
	1.3
	0.9

	5
	1.2
	0.6


In the scenario where a fixed spectral efficiency is desired, the scheme that consumes the least amount of power should be chosen. In the scenario that UE has an infinite buffer to be sent, or has finite buffer but measuring performance by the time it takes to clear it, a fair metric that can be used to compare OFDM and SC-OFDM in a noise-limited point-to-point link is the spectral efficiency under the same power consumption. It means that SC-FDMA can transmit ΔCM dB more power where ΔCM is the CM difference between SC-FDMA and OFDM. We assume here that the transmit EVM requirement is not the limiting factor to the output power and will not require additional PA back-off. Under this condition, the scheme that delivers a higher link throughout in superior in performance.  Equivalently, if we look at the OFDM link performance gain over SC-FDMA under the same average transmit power, we need to offset by the CM disadvantage of OFDM.  

For example, it is well-known that OFDM offers a link performance advantage due to better equalization, under the same transmit power.  While the gain is marginal for QPSK, for 16-QAM and 64-QAM, a gain of approximately 0.5-1.0 dB is possible at the 10% BLER operating point.  In addition, the gain increases as the number of assigned RB increases.   This is illustrated in Figure 1 for SIMO 16-QAM, R=1/2.   
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Figure 1.  Link performance gain of OFDM over DFT-S-OFDM, 16-QAM, R=1/2, 10% BLER.
From Figure 1, it is seen that for large PRB assignment, the cubic metric advantage of SC-FDMA of around 1.9dB (non-aggregation 16QAM case) may be negated by the increased SNR requirement for DFT-S-OFDM unless a more advanced receiver such as a Turbo Equalizer is employed.   However, in this 16QAM rate ½ case, the link performance gain of OFDM still may not be large enough to offset the CM disadvantage.  However, as noted in [3], the link performance loss for DFT-S-OFDM keeps increasing with the effective SINR and also the number of RBs.  At a certain tipping point, OFDM may become a viable candidate even in SIMO case. As a reference, from the study shown in [4], it seems that more than 90% of UEs may not use up the max PA power and would be able to use OFDM to transmit 100 resource blocks.  However, even though these UE can use OFDM, but SC-FDMA may still be more advantageous considering the PA efficiency and thus power consumption. 
In a typical cellular environment with neighbouring cell interference, the transmit power is controlled in a way so that a certain CINR at the eNB is targeted. OFDM and SC-FDMA UEs may often transmit at the same power, beyond which no CINR gain can be achieved. Of course, we assume OFDM and SC-FDMA can meet the same power level, which is more likely when not at the cell edge. In this case, from a power consumption perspective, SC-FDMA has an advantage. But from performance perspective, OFDM may have an advantage. For OFDM, power boosting on reference symbols is also a welcome possibility if needed.  Clearly, there is some trade-off here in terms of whether power consumption or performance is prioritized. Lower power consumption, but taking longer time to clear a buffer due to inferior performance can eventually consume more total power. It seems that OFDM may have an advantage from total power consumption perspective. More quantitative results may be needed. 
In Figure 2, average sector throughput comparison is shown for pure DFT-S-OFDM, OFDM, and hybrid system.  In interference-limited scenario (0.5km ISD), it is shown that OFDM provides a gain of approximately 6% over DFT-S-OFDM.  However, by allowing a hybrid of OFDM and DFT-S-OFDM, a gain of 9% can be achieved without sacrificing coverage.  A similar trend is also observed for noise-limited scenario (2.5km ISD).  In both cases, it is seen that introducing OFDM in addition to DFT-S-OFDM can provide an increase of approximately 4-9% in sector throughput.   
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Figure 2.  Uplink sector throughput comparison for various technologies, BW = 5MHz.
The study reported here has not considered or modelled UL-MIMO. Unfortunately, the exact UL-MIMO schemes that will be supported in LTE-A have not been discussed, but it is interesting enough to focus on open-loop spatial multiplexing. OFDM is reported to deliver better link/system performance than SC-FDMA with MMSE receivers even after offsetting the gain by the CM disadvantage. The gain increases with higher code rate, and also with increasing modulation order with the CM difference reducing for higher-order modulation. Further link performance gain is observed with ML receiver for OFDM where the gain over MMSE also increases with higher code rate and modulation order. Spatial multiplexing (e.g., 2x2 and 4x4) is a key technique for achieving IMT-advanced high data rate under medium to high SINRs and rich scattering (e.g., indoor environment with home-eNB).  Hence, more quantitative link and system level results are needed to quantify/confirm the reported advantages of OFDM.
3. Conclusions
In this contribution, some link and system level results are provided in an effort to perform fair comparison OFDM and SC-FDMA. It seems that OFDM may be a viable candidate for high SNR link conditions where high order modulation (e.g., 64QAM) and/or high code rates may be used. UL spatial multiplexing operation is another area that it can be beneficial to add OFDM. The decisions depends on the trade-off between performance gain and the complexity of multiplexing OFDM and SC-FDMA transmissions, as well as the impact on existing UL PUCCH design (including data/control multiplexing in PUSCH). 
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