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1 Introduction

Orthogonal frequency division multiplexing (OFDM) is a popular technique for broadband wireless systems. For example, its excellent advantages include: inherent resist to itersymbol interference (ISI), high spectra efficiency with low complexity, flexible allocation of resources to different UEs and more, which are all vital to wireless communication systems. Single carrier (SC) with cyclic prefix has received a lot of attentions recently. Its main merit is more power efficiency in transmitter. In this contribution, we compare these two kinds of schemes in different aspects and finally concluded that OFDM is more suitable for uplink transmission.

2 Multipath
The main problem of receiving signals is frequency selective fading caused by multipath propagation which still leads to intersymbol interference (ISI) in time domain. As a result of the multipath propagation, there are many reflected signals, which arrive at the receiver at different times. These echoes cause ISI and fading. 

As we all know, OFDM is a wideband modulation shceme that is specifically able to cope with the ISI problem. This is achieved by transmitting many narrowband overlapping digital signals in parallel, inside one wide band. Increasing the number of parallel transmission channels reduces the data rate that each individual carrier must convey, and that lengthens the symbol period. As a result, the delay time of reflected waves is suppressed to within one symbol time. So OFDM can inherently cope with ISI.

Since OFDM is a modulation in the frequency domain, it is sensitive to frequency selective fading. Uncoded OFDM would lose all frequency diversity. However, in modern wireless communication, interleaving and coding is two necessary steps. For OFDM, interleaving and coding can be done in both time and frequency domain. Adding sufficiently strong interleaving and coding spreads the information over multiple subcarriers and symbols. This improves frequency and time diversity and improves the performance greatly.

SC schmes transmit the data in the time domain. This means that deep attenuation in some subcarriers do not completely wipe out symbols because the information of each symbol can be recovered from other subcarriers. However it cannot cope with ISI very well, especially for high data rate. In order to solve the ISI problem, complex equalization must be adopted. To reduce the computation load on equalization in SC scheme, cyclic prefix as OFDM is also used in SC. Although it can reduce the computation complexity, it will lead to other problems (see the chapter 3).

3 Equalization
In the severe channel conditions, such as low CNR, strong interference and fading, equalization is necessary both for OFDM and SC. The use of pilots or reference symbols is efficient methods for equalization. In general, equalization for OFDM is implemented in frequency domain, while SC is in time domain or both.

The two dimensional (time and frequency) signal feature in OFDM makes pilot and reference symbols insertion very flexible. Pilots can be inserted in frequency domain and reference symbols in the time domain. Because they are transmitted at the predetermined position in the signal frame structure, it can be captured in the receiver. In the frequency selective channel, high correlation between the complex fading envelopes of the pilots and data must be ensured. The appropriate complex correction can be obtained by interpolating among the pilots. It is sure that interpolation in real and imaginary parts of the complex fading envelopes outperformed the interpolation in amplitude and phase.

For OFDM, assuming multipath delay is less than the length of cyclic prefix, a frequency domain one tap equalizer could be enough for each subcarrier to correct the amplidude and phase distortions. This corresponds to four real multiplications per subcarrier. Additionally, the FFT operation requires a computational complexity is proportional to C*log2(N), where N is the size of FFT and C is the constant between 1.5 to 4 depending on the FFT implementation. From the statement above, equalization for OFDM in frequency domain is relatively simple and effective and the essential reasons are that transmission data and equalization are both processed in the frequency domain and there exists high efficiency operator—FFT.

In general, for single carrier system, equalization is done in the time domain. Since in the wideband system, the symbol rate is so high that if N tap equalizer is needed, N is uaually large enough that leads to high computation load. In order to bear high data rate, a cyclic prefix may also be introduced in SC systems. This method seems that only equalization in the frequency domain is needed through FFT and IFFT, however, the performance is much poorer than OFDM. That is to say only equalization in the frequency domain is not enough and must add feedback decision in the time domain. If we consider the factors above, we can conclude that OFDM has simpler equalization than SC.

4 Spectra Efficiency
Spectra efficiency is also a very important parameter for wireless communication systems. As we all know, in SC scheme, there is a trade-off between the amount of pulse shaping (directly relative to spectra efficiency) and the peak-to-average power ratio (PAPR) of the transmitted signal. That is to say, if the roll off factor becomes large, PAPR is low but spectra efficiency is also low, and if we reduce the roll off factor, although the spectra efficiency is high, PAPR also becomes large, especially for DFT-s-OFDM. However, there is no trade-off between spectra efficiency and PAPR for OFDM (about PAPR issue, please see chapter 6). 

It is noted that in SC scheme, it is required to use spectra shaping before IFFT. During spectra shaping process, a roll off factor will enlarge the occupied band to trade-off between spectra efficiency and PAPR. For OFDM, the situation is quite different. Since we have special methods to solve the PAPR problem, each UE can use the common guard band (zero padded), hence we can get relative higher spectra efficiency than SC. Furthermore, for SC transmission scheme, in order to ease equalization complexity in frequency domain, a cyclic prefix is inserted in both long block (for data) and short block (mainly for reference symbols). So the cyclic prefix is more dense than OFDM and will further reduce the spectra efficiency.

In short, OFDM inherently supports higher spectra efficiency than SC.

5 Frequency Scheduling and Adaptation
For OFDM system, the frequency allocation is inherently flexible.  Some SC can also take some flexible scheme of frequency allocation. However, OFDM allow the bandwidth be arbitrarily divided in the unit of sub-carrier. That means convenient for scheduling, e.g. differentiating users’ sub-carriers in Cell-edge. SC frequency mapping might relates with its transformation techniques. Some SC mapping methods may result in relative high PAPR. Hence, the frequency flexibility is limited and frequency coordination between SC UL and OFDMA DL could cause implications.

Adaptive OFDM has the potential advantage. Although adaptation in each subcarrier is impossible, we still can adopte adaptation technique (including power, modulation, code and scheduling etc.) on group subcarriers or subbands. Many references show that adaptive OFDM outperforms SC.
6 PAPR Issue
In the previous meeting, many contributions already show considerable reduction of PAPR for OFDM. Several techniques could be used. Based on the results, we believe the PAPR for OFDM is acceptable if we take some proper techniques. Among all of the methods, we recommend improved tone reservation with low complexity [1]. The simulation results indicate that for the OFDMA based uplink, the PAPR performance can be achieved at the same level or even better than DFT-s-OFDM.

Since the OFDM PAPR issue is essential for choosing the access scheme of UL, which is a primary point of current study stage, we believe OFDM PAPR should be treated equally as other basic topics. At least, we should not postpone all the PAPR documents in the coming meetings.

7 Symmetric Access
Although symmetric is not required, using the same access mode for both UL and DL could make it easier for system design.  Unifying access mode is in line with the complexity of complexity. 

If we want to reach a harmonic combination of Paired and Unpaired band operation, either of the duplex may not be compromised unilaterally. We can process unpaired band symmetrically. It means transmission of each direction depict radio channel for the other. Obviously, same UL/DL will maximally take that advantage.

Another benefit for unified UL/DL for unpaired mode is the similar complexity of transmission and receiving. For unpaired band, some of techniques shared are almost the same hardware resources for both directions. That definitely reduces the cost for devices, especially for handset. 

8 Conclusion
Although OFDM has the major drawback of high PAPR, many techniques are available to solve the problem. In addition, the advantages of OFDM compared with SC are obvious. These have been discussed above. Practically, DFT-s-OFDM also adds cyclic prefix and can be also seen a special instance of OFDM with data spreaded by DFT. On this perspective, OFDM is more general than DFT-s-OFDM. 
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