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1. Introduction
At the TSG RAN WG1#53bis meeting in Warsaw, it was decided to continue discussion on support of N x DFT-Spread OFDM, clustered DFT-Spread OFDM, and OFDM as a complement to DFT-Spread OFDM for LTE-Advanced uplink radio access [1]. This contribution describes the merit of additionally supporting OFDM, i.e., single-carrier (SC) / multi-carrier (MC) hybrid radio access, in addition to only DFT-Spread OFDM in Rel-8 LTE. A performance comparison between OFDM and DFT-Spread OFDM with 2-by-2 MIMO spatial multiplexing is also presented.
2. Merit in Supporting OFDM (SC/MC Hybrid Radio Access) in Addition to Only DFT-Spread OFDM in Rel-8 LTE
From the viewpoint of performance and resource allocation, OFDM has some advantage compared to DFT-Spread OFDM. 
· Higher user throughput
· OFDM is more robust against multipath interference than SC-FDMA with DFT-Spread OFDM. This means that OFDM provides a higher user throughput than DFT-Spread OFDM for a high received SNR especially when MIMO transmission is employed.
· We consider that the radio interface should be designed so that any kind of receiver can be accommodated including maximum likelihood detection (MLD)-based signal detection for MIMO transmission. The motivation for this is described hereafter. The applicability of MLD-based signal detection is quite low in SC-FDMA using DFT-Spread OFDM due to the very high level of computational complexity caused by the remaining multipath interference. Meanwhile, MLD-based signal detection provides a higher user throughput than employing successive interference canceller (SIC), etc. Hence, we consider that the radio interface should not exclude the applicability of MLD-based signal detection with high gain.
· Flexibility in resource assignment

· SC-FDMA with DFT-Spread OFDM provides inefficient resource assignment especially when a wideband transmission user equipment (UE) is assigned in the middle of the system bandwidth. This problem becomes more significant under non-power-limited conditions such as under local area, which are more focused in LTE-Advanced.
· More flexible resource assignment using non-contiguous resource block (RB) allocation is beneficial even within 20 MHz to achieve higher system throughput [2],[3].
3. Simulation Evaluation
3.1 Simulation Configuration
In this section, we compare the throughput performance between OFDM and DFT-Spread OFDM when employing MIMO spatial multiplexing. Table 1 gives the radio parameters assumed in the evaluation. At the UE transmitter, information bits are channel-encoded using a turbo code with the coding rate of R = 1/2 and 3/4 and data modulated using QPSK, 16QAM, and 64QAM. In the evaluation, we assume a fixed modulation and coding scheme (MCS). The system bandwidth is set to 10 MHz with the occupied transmission bandwidth of 9 MHz, which corresponds to 50 RBs. The data-modulated symbol sequence is fed into the DFT precoder with the DFT length of 600 in the case of DFT-Spread OFDM while it is serial-to-parallel (S/P) converted for OFDM radio access. After that, an inverse fast Fourier transform (IFFT) converts the frequency-domain signal into a time-domain signal. Finally, a cyclic prefix (CP) is appended to each FFT block. We employ 2-by-2 MIMO transmission with the transmission rank of two, but do not employ MIMO precoding in the simulation. The Zadoff-Chu sequence, a constant amplitude zero auto-correlation (CAZAC) sequence, is used as the demodulation reference signal (DMRS) sequence, which provides constant amplitude both in the time and frequency domains. The DMRS symbols are time division multiplexed with the shared data symbols and code division multiplexed with the DMRSs from the other antennas using cyclic shift of Zadoff-Chu sequence within the same sub-frame.
We assume the six-ray Typical Urban (TU) channel model with the fading maximum Doppler frequency of 5.55 Hz, which corresponds to the moving speed of 3 km/h at the carrier frequency of 2 GHz.

At the eNB receiver, we assume ideal FFT timing detection. However, the channel gain of each sub-frame at each sub-carrier is actually estimated by coherently weighted averaging the DMRS within a sub-frame. The minimum mean square error (MMSE) and SIC signal detection methods employing two receiver antennas are employed for both OFDM and DFT-Spread OFDM and we evaluate the performance using full MLD signal detection for OFDM radio access. Finally, the log likelihood ratio (LLR) stream is soft-decision turbo decoded using Max-Log-MAP decoding with eight iterations to recover the transmitted binary data. In the throughput calculation, we consider the signaling overhead of the sounding RS (SRS) and DMRS, i.e., 21.4%.

Table 1 – Simulation parameters
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3.2 Simulation Results
Figure 1 shows the throughput performance comparisons between OFDM and DFT-Spread OFDM assuming 2-by-2 MIMO spatial multiplexing with different signal detection schemes. Ideal channel estimation is assumed in the figures. The throughput performance levels of QPSK, 16QAM and 64QAM data modulations are plotted in Figs. 1(a), 1(b), and 1(c), respectively. Based on Fig. 1(a), very similar performance is achieved between OFDM and DFT-Spread OFDM assuming the same signal detection scheme when QPSK is employed. From Fig. 1(b), the throughput performance levels using DFT-Spread OFDM are degraded due to the multipath interference when 16QAM with coding rate of R = 3/4 is used. Furthermore, Fig. 1(c) shows that, by employing 64QAM, the throughput performance using DFT-Spread OFDM with SIC receiver are degraded by 2-3 dB compared to OFDM with MLD receiver. The figure also shows that the gain using MLD signal detection compared to that using other signal detection schemes becomes greater when the channel coding rate is R = 3/4.
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(c) 64QAM
Figure 1 – Throughput performance comparison between OFDM and DFT-Spread OFDM
employing different signal detection schemes (2-by-2 MIMO, ideal channel estimation)

Figure 2 shows the throughput performance assuming actual channel estimation using DMRS within a sub-frame. The achievable throughput performance using DFT-Spread OFDM is degraded especially when 64QAM data modulation and a high channel coding rate are used.

From these results, we confirm that OFDM is very beneficial in increasing the user throughput when MIMO spatial multiplexing is employed. In addition, MLD signal detection is more advantageous than MMSE or SIC for reducing the required received SNR at a high received SNR.
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(c) 64QAM
Figure 2 – Throughput performance comparison between OFDM and DFT-Spread OFDM
employing different signal detection schemes (2-by-2 MIMO, real channel estimation)
4. Proposed Hybrid Radio Access in Uplink
Clustered DFT-Spread OFDM was proposed as another radio access candidate to support a wider bandwidth with low PAPR functionality compared to OFDM and more flexible resource allocation than DFT-Spread OFDM in Rel-8 LTE [2], [3]. We agree that the clustered DFT-Spread OFDM is beneficial in achieving flexible resource assignment in the PUSCH particularly for transmission bandwidth wider than 20 MHz. However, the gain from clustered DFT-Spread OFDM in multi-streams using MIMO multiplexing is lower than that for OFDM as well as that for normal DFT-Spread OFDM. 

We must consider the increasing number of UE options when OFDM is introduced. Hence, we should limit the number of options and simplify the variation in the UE categories. We propose uplink hybrid radio access, in which the applications of OFDM and clustered DFT-Spread OFDM are limited with respect to the number of streams, i.e., rank order, and the transmission bandwidth as shown in Table 2. An example of the UE categories for uplink hybrid access is given in Table 3. The views behind this concept are given below.

· In one-stream transmission i.e., a non-MIMO case, clustered DFT-Spread OFDM radio access is used regardless of the transmission bandwidth including 20 MHz or narrower. Hence, the functionality of clustered DFT-Spread OFDM is added to the radio access scheme in Rel-8 LTE.
· In a multi-stream transmission, i.e., MIMO multiplexing, OFDM is introduced based on the aforementioned reasons. Hence, the functionality of OFDM is added and multi-stream transmission is introduced to Rel-8 LTE.
· The application of DFT-Spread OFDM to a multi-stream transmission when the transmission bandwidth is 20 MHz or narrower is FFS. 

Table 2 – Proposed options in uplink hybrid radio access
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Table 3 – Example of UE categories for uplink hybrid access
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5. Conclusion
This contribution presented the merits in supporting OFDM in addition to DFT-Spread OFDM. A performance comparison between OFDM and DFT-Spread OFDM with 2-by-2 MIMO spatial multiplexing was presented. The evaluation results showed the following.

· OFDM MIMO spatial multiplexing provides a significantly higher user throughput compared to that for DFT-Spread OFDM with MIMO multiplexing especially when 64QAM data modulation and a higher channel coding rate are used.

· OFDM provides more flexible resource assignment compared to DFT-Spread OFDM when a wideband transmission UE is assigned. More flexible resource assignment using non-contiguous RB allocation is beneficial even within 20 MHz especially under non-power-limited conditions such as under local area conditions.
· To limit the number of options and simplify the variation in the UE categories, we propose options for uplink hybrid radio access with respect to the transmission bandwidth and number of streams (ranks). 

· Clustered DFT-Spread OFDM with low PAPR functionality is applied to one-stream transmission, i.e., a non-MIMO case.

· OFDM is applied to multi-stream transmission, i.e., MIMO multiplexing with the rank order of two or greater. 
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