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1 Introduction
SC-FDMA was chosen as the uplink multiple access scheme for Rel-8 E-UTRA due to its low PAPR. To achieve higher spectral efficiency and the target peak throughput, MIMO together with several possible access options for the UL have been proposed. In addition to SC-FDMA, most common proposals are OFDMA, clustered DFT-S-OFDMA, and N(SC-FDMA (also known as Generalized Multi-carrier, i.e. GMC) [1-9]. In this contribution, we will try to compare the benefits of these options, and explore the possibility of a hybrid solution without introducing additional signalling.
2  UL multiple access techniques
Of the proposed UL multiple access techniques, each has its advantages and disadvantages:
· OFDMA has higher spectral efficiency, especially in high SINR range, but suffers from high PAPR.

· SC-FDMA has satisfactory performance in low SINR range and has low PAPR, but its spectral efficiency is inferior to OFDMA.

· Clustered DFT-S-OFDMA can be viewed as an extension of SC-FDMA, and provides a tradeoff between scheduling flexibility and PAPR.

· N(SC-FDMA has similar spectral efficiency as clustered DFT-S-OFDMA, is more flexible in data segmentation, but has higher PAPR than clustered DFT-S-OFDMA.
If we regard clustered DFT-S-OFDMA and N(SC-FDMA as two extensions of SC-FDMA, then the two basic UL access schemes are OFDMA vs. SC-FDMA.
2.1 OFDMA and SC-FDMA

OFDMA has several advantages over SC-FDMA, namely,
· OFDMA has higher spectral efficiency than SC-FDMA, especially in high SNR region.
· OFDMA is more suitable to achieve multi-user diversity gain, due to its scheduling flexibility, especially in highly frequency selective channels.
· OFDMA is able to use an ML decoder in MIMO signal detection, and hence has higher throughput [10]. Note that although a Turbo equalizer can be used in SC-FDMA to achieve close-to-ML performance, it is more complex to implement, as it requires multiple Turbo decoding and soft-LLR loop-back.

· OFDMA is simpler to implement, as it does not need to compute DFT, which is more important for large data throughput.

The disadvantage of OFDMA is the advantage of SC-FDMA, i.e. high PAPR.
2.2 Hybrid OFDMA and SC-FDMA
The main advantage of SC-FDMA is low PAPR, and this was why Rel-8 chose SC-FDMA for the UL while selecting OFDMA for the DL access.

The low PAPR property of SC-FDMA is mainly useful for cell-edge UEs for the following reasons:

· Cell-edge UEs usually have little or no enough power headroom, and they need low PAPR access to improve link budget.
· In the low SNR region, no SM transmission will be used, and hence simpler advanced MIMO decoder does not have its advantage.

· In the low SNR region, the performance difference between SC-FDMA and OFDMA is small.

This makes SC-FDMA the natural choice for cell-edge UEs. However, for non-cell-edge UEs, this low PAPR property becomes less an advantage:
· UEs have enough power headroom, and hence PAPR is no longer an issue.

· SM is likely to be used to enhance throughput, which makes advanced ML decoder more advantageous.

· UEs operating in high SINR region:

· OFDMA outperforms SC-FDMA.

· Multi-sub-band frequency selective scheduling is more likely to be used to further enhance the UL performance.

In other words, the reasons that OFDMA was chosen for the DL are now applicable to the non-cell-edge UEs. It is understood that OFDMA and SC-FDMA both have their advantages and disadvantages, the question is: can we reap the benefits of the both?

One concern with coexistence of OFDMA and SC-FDMA is additional signaling. Given that the two schemes have their respective strength and weakness, no additional signaling is actually needed, as which access technique is used can be based on modulation order and MIMO configuration:
· For high order modulation, e.g. ( 16QAM, OFDMA is used.

· Since high order modulation operates in high SINR region, OFDMA has higher spectral efficiency.

· When high order modulation is used, the PAPR advantage of SC-FDMA is reduced.

· For multi-layer transmission, OFDMA is used, so that a simpler advanced decoder can be used.

· Otherwise, SC-FDMA (or its variants) is used.

In this way, OFDMA can be seamlessly introduced into LTE-A, providing higher spectrum efficiency and simplicity in both transmitter and receiver.
2.3 MIMO performance for decoders with no posteriori information
It is understood that posteriori information can be used to improve MIMO decoder performance, which usually requires soft-LLR to be looped back from a Turbo decoder, and MIMO decoder and Turbo decoder need to work iteratively.
A MIMO decoder with no posteriori information is much easier to implement, as it does not need soft-LLR feedback. In addition, there are simplified ML decoder algorithms available to further reduce the complexity. If we compare the performances of an ML decoder, which is easily applicable to OFDMA, to an MMSE decoder, which is practical for SC-FDMA, there is a remarkable difference, as shown in Figure 1 [10].
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Figure 1: OFDMA+MLD vs. SC-FDMA+MMSE

Given that OFDMA can be easily introduced into LTE-A for MIMO UEs, we see that a hybrid access system more feasible.
3 Summary
OFDMA and SC-FDMA can be complementing techniques in LTE-A for the uplink, and a UE can use the most efficient access scheme according to its current situation. This would make the system benefit from the strength of both OFDMA and SC-FDMA. There is no additional signalling required, as each technique could be associated with the modulation order and MIMO mode that it performs best. For example, for high order modulations like QAM-16 and QAM-64, or multi-layer transmission, OFDMA could be used, otherwise, SC-FDMA or its variants could be used.  
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