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1 Introduction
During RAN1 #53bis and #54bis meetings [1-6], three major approaches for LTE-Advanced uplink multiple access schemes have been considered:

· Clustered DFTS-OFDMA

· N x DFTS-OFDMA

· OFDMA

The new schemes are considered with respect to the requirements to support a wider bandwidth, higher spectral efficiency, higher-order MIMO in LTE-Advanced. 
In this contribution, we have include some simulation results using a power amplifier model to evaluate and compare the amount of backoff required for each waveform, taking into consideration the location and size of the resource allocation. In addition, some link level simulation results are included for the transmission of large data blocks using 2x2 MIMO. 
2 Candidate uplink multiple access schemes

2.1 N x DFTS-OFDMA
In this configuration, a transport block may be segmented into multiple smaller blocks, each with a different coding rate and modulation order, and possibly a different HARQ process. The DFT precoding is applied to each of the code blocks respectively. While the output of each individual DFT precoder is mapped into a group of contiguous subcarriers, the different groups of subcarriers can be distributed across the subcarriers at the IFFT input, as illustrated in Figure 1.
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Figure 1

Transmitter structure for N x DFTS-OFDMA
2.2 Clustered DFTS-OFDMA
The difference between clustered DFTS-OFDMA and N x DFTS-OFDMA is that there is only one DFT precoder and one encoder and modulator. While this is shown to have slightly better CM with slightly worse link performance [6], as compared with N x DFTS-OFDMA, the use of one modulation and coding scheme for the entire transport block for transmission across multiple carriers would lead to worse performance as link adaptation across component carriers is not supported. 
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Figure 2

Transmitter structure for clustered DFTS-OFDMA
To support multiple code blocks with different modulation and coding schemes, the transmitter structure for clustered DFTS-OFDMA can be modified as shown in Figure 3. However, frequency selective link adaption is still not possible as each modulation symbol is DFT-spread across the clusters of subcarriers. Instead, each modulation symbol can benefit from some frequency diversity gain. 
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Figure 3

Modified transmitter structure for clustered DFTS-OFDMA
2.3 OFDMA 
OFDMA is the most flexible UL multiple access scheme with lower complexity as compared to the ones based on DFTS-FDMA, DFT precoder is not needed.
The transmitter structures are shown in Figure 4 and Figure 5 respectively for the case of multiple code blocks with different modulation and coding schemes allowing link adaptation, and the case of only one code block with a single modulation and coding scheme for the entire code block.
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Figure 4

Transmitter structure for OFDMA, supporting multiple code blocks with different modulation and coding schemes
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Figure 5

Transmitter structure for OFDMA, supporting only one code block with a single modulation and coding class
3 Transmit power backoff comparison 
In this section, we compare Tx power backoff of OFDMA and clustered DFTS-OFDMA under power amplifier nonlinearity and spectrum emission requirement via simulations.
3.1 Simulation assumptions:

· A generic power amplifier (PA) model – Rapp model [7], is employed.  The AM/AM characteristics relating the PA output voltage to the input voltage is given by
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where 
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denotes the smoothness factor.  The parameters used in this study are: 
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· Upsampling rate: 8

· Pulse-shaping filter: square-root raised cosine, rolloff factor 0.3

· Spectrum emission mask: Table 6.6.2.2.3-1 in [8]
· System bandwidth: 50 MHz; FFT size: 4096
· Number of cluster(s): 1 and 2; 48 RBs per cluster
· Tx power: maximum Tx power that can be attained with the above PA parameters and obeying the LTE spectrum emission mask
3.2 Simulation results

3.2.1 One cluster

One cluster of 48 RBs are assigned to the range of about 14.5 to 23 MHz below the carrier frequency. The transmit power backoff is chosen to meet the spectrum emission requirement.
3.2.1.1 PAPR comparison
The corresponding Complementary Cumulative Distribution Function (CCDF) of sample power to average power ratio at PA input and output is shown in Figure 6.  At 10-3 CCDF, the peak to average power ratio (PAPR) is about 10 dB for the OFDM signal and 6.5 dB for the DFT-s-OFDMA signal, for the case of 1 cluster with 48 RBs, i.e., 576 subcarriers. With the power compression at the power amplifier, the corresponding output signal has a 10-3 PAPR of 6.3 dB and 4.8 dB respectively. 
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Figure 6

CCDF of sample power to average power ratio with 26 dBm Tx power
3.2.1.2 Transmit power backoff
The power spectrum density (PSD) of clustered DFTS-OFDMA and OFDMA at the power amplifier output is shown in Figure 7.
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Figure 7
  Power spectrum density of clustered DFT-s-OFDM and OFDM with 26 dBm Tx power
From Figure 7, we observe that, with 26 dBm Tx power, DFTS-OFDMA can meet the spectrum emission requirement while OFDMA has violated the requirement. However, with 25 dBm Tx power, OFDMA can meet the spectrum emission requirements, as shown in Figure 8.  
Comparing with Figure 7, it is observed that under 1-cluster assignment, clustered DFTS-OFDMA offers about 1 dB Tx power improvement over OFDMA, for the case of 16-QAM with 48 contiguous physical RBs allocation at about 2 MHz from the band edge. From the perspective of transmit power backoff, the gain of DFTS-OFDMA over OFDMA is less than that for PAPR and CM [6], [9].
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Figure 8
  Power spectrum density of clustered DFT-s-OFDM and OFDM with 25 dBm Tx power
3.2.2 Two clusters

Two clusters, 48 RBs each, are assigned to the frequency range of 11.5 to 20.2 MHz below and above the carrier frequency, respectively.  With the transmit power set to be 29 dBm, both clustered DFTS-OFDMA and OFDMA can meet the spectral masks.  The power spectral densities are shown in Figure 9, and the corresponding CCDF of sample power to average power ratio at PA input and output is shown in Figure 10.
From Figure 9, we see that with two-cluster assignment, Tx power improvement of clustered DFTS-OFDMA over OFDMA is reduced to about 0.5 dB.  From PAPR point of view, improvement of clustered DFTS-OFDMA over OFDMA under 2-cluster assignment reduces to about 1 dB, as shown in Figure 10.

In comparison with the case of one-cluster, the two-clusters are assigned to PRBs a bit further away from the band edge. Thus, the amount of backoff in transmit power required in order to meet the spectrum emission requirement is less when the resource allocation is further away from the band edge.
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Figure 9
  Power spectrum density of clustered DFT-s-OFDMA and OFDM with 29 dBm Tx power
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Figure 10
CCDF of sample power to average power ratio with 29 dBm Tx power
4 Link level performance comparison

Link level simulations have been performed to compare the performance of DFTS-OFDM and OFDM. The following is a list of assumptions:

1) UL system bandwidth: 50 MHz

2) Modulation coding scheme: (i) 16-QAM, R-1/2; (ii) 64-QAM, R-3/4

3) Channel model: TU channel model, 3km/h

4) Antenna configuration: uncorrelated, 2x2 MIMO, similar to open-loop spatial multiplexing for the Release-8 downlink

5) Subcarrier mapping - 2 clusters of 48 contiguous RBs distributed within 50 MHz

6) Receiver structure: MMSE
7) PUSCH hopping Type 2
Simulation results show that OFDM outperforms Nx DFT-OFDM by 2.2 dB for 16-QAM, R-1/2, and by 7 dB for 64-QAM, R-3/4 at 10% BLER.
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Figure 11  Link-level comparison between OFDM and N x DFTS-OFDM, 16-QAM, R-1/2
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Figure 12  Link-level performance comparison between OFDM & NxDFTS-OFDM, 64-QAM, R-3/4
5 Discussions and Conclusion

Clustered DFTS-OFDMA is an extension of the current DFTS-OFDMA (SC-FDMA) in Release 8 such that the DFT output is mapped to the IFFT input as clusters of contiguous subcarriers. The clustering or separate chunks of subcarriers cause an increase in the PAPR and CM of the SC-FDMA signal waveform in Release 8. Similar effects also apply to the case of N x DFTS-OFDMA signal. However, N x DFTS-OFDMA has the additional advantage of supporting multiple code blocks with different coding and modulation schemes, and possibly different HARQ processes. 
In contrast, OFDMA can support both types of encoding and modulation structure. The amount of transmit power loss due to power amplifier backoff can be minimized by appropriate scheduling strategies, e.g., scheduling of the UE transmission over a small number of subcarriers, and/or on resources that are away from the band edge. 
Link-level simulation results show that OFDMA outperforms both clustered and Nx DFTS-OFDMA, especially for higher-order modulation order or larger code block size. 

As a conclusion, OFDMA is a more efficient way to support wider bandwidth transmission in LTE-Advanced, also taking into consideration:

· Flexibility of adapting coding and modulation on different clusters of subcarriers

· Simpler transmitter operation as the DFT precoder is bypassed

· Simpler receiver structure possible with desirable performance
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