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1. Introduction

There have been several optional schemes introduced for the basic uplink multiple access method for LTE advanced (LTE-A) [1]-[18]. In this paper, we evaluate those options in the view point of CM and decoding performances in both non-MIMO and MIMO cases. Some additional considerable options are also introduced.
2. Uplink multiple access schemes
We evaluate the four options, that is, SC-FDMA, clustered DFT-s-OFDMA, Nx SC-FDMA and OFDMA. It should be noted that the these options may be combined in some ways.
· SC-FDMA
By SC-FDMA, we mean localized DFT-s-OFDMA as used for UL multiple access scheme in the current LTE specification, which is illustrated in figure 1. 
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Figure 1  Illustration of SC-FDMA transmitter

· Clustered DFT-s-OFDMA
With Clustered DFT-s-OFDMA, output of DFT precoding is allowed to be mapped to multiple clustered RBs in frequency domain [9], which is illustrated in figure 2. This option can provide more uplink scheduling flexibility for the UEs with better geometry while allowing single carrier transmission for power-limited UEs by scheduling localized RBs only.
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Figure 2  Illustration of clustered DFT-s-OFDMA
· Nx SC-FDMA
With Nx SC-FDMA, there can be multiple DFT precoding blocks and the output of each DFT precoding blocks are mapped to consecutive RBs only but the outputs of different DFT precoding blocks can be mapped to separated frequency bands [7]. This option can provide more uplink scheduling flexibility for the UEs with better geometry while allowing single carrier transmission for power-limited UEs by scheduling single DFT block only.
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Figure 3  Illustration of Nx SC-FDMA
· OFDMA
With OFDMA, DFT precoding is not applied and there is no restriction in the modulation symbols to RB mapping in principle.
3. Comparisons of uplink multiple access schemes

In this section, we evaluate the CM and decoding performances of the multiple access options in non-MIMO and MIMO cases.

3.1. Comparisons in case of non-MIMO transmission
3.1.1.  CM comparisons
Table 1 shows the CM values achieve by simulation assuming 1 transmit antenna port. For clustered DFT-s-OFDMA or Nx SC-FDMA, the results with 2~8 clusters or DFT blocks are shown when number of RBs per cluster or DFT block is 2, 4 and 8.

Table 1  CM results for multiple access options in non-MIMO case
[image: image4.emf]2 3 4 5 6 7 8 2 3 4 5 6 7 8

2 1.96 2.51 2.82 3.04 3.19 3.28 3.31 2.56 3.04 3.29 3.42 3.56 3.60 3.67

4 1.96 2.51 2.82 3.02 3.18 3.29 3.30 2.54 3.04 3.30 3.44 3.54 3.61 3.67

8 1.96 2.52 2.83 3.04 3.18 3.29 3.31 2.56 3.05 3.30 3.44 3.53 3.61 3.65

2 2.62 2.99 3.20 3.35 3.45 3.52 3.53 3.04 3.37 3.53 3.63 3.69 3.74 3.80

4 2.64 3.00 3.21 3.34 3.45 3.52 3.52 3.05 3.38 3.53 3.62 3.71 3.74 3.77

8 2.64 3.01 3.21 3.35 3.44 3.52 3.53 3.05 3.37 3.54 3.62 3.70 3.74 3.77

2 2.76 3.09 3.29 3.40 3.51 3.56 3.57 3.13 3.43 3.57 3.67 3.73 3.77 3.81

4 2.76 3.10 3.28 3.40 3.50 3.57 3.57 3.15 3.42 3.58 3.66 3.71 3.77 3.80

8 2.77 3.09 3.29 3.42 3.51 3.57 3.57 3.15 3.43 3.57 3.67 3.71 3.77 3.80

QPSK

16QAM

64QAM

SC-FDMA



4.00

1.22

2.18

2.34

Clustered DFT-s-OFDMA,

number of clusters OFDMA

RB per

cluster or

DFT block

Nx SC-FDMA,

number of DFT blocks


From the CM results in table 1, we observe the following points.
· The size of each cluster (or each DFT block) doesn’t affect the CM performance of clustered DFT-S-OFDMA or Nx SC-FDMA.

· CM value of clustered DFT-S-OFDMA is always smaller than that of OFDMA by around 2~0.4 dB depending on the number of clusters and modulation order.
· CM value of Nx SC-FDMA is always smaller than that of OFDMA by around 1.5~0.2 dB depending on the number of DFT blocks and modulation order.
· For a given combination of number of clusters (DFT blocks) and number of RBs per cluster (DFT blocks), CM value of clustered DFT-S-OFDMA is smaller than that of Nx localized SC-FDMA. The gap decreases as the modulation order increases.
3.1.2.  BLER comparisons
Figure 4 and 6 show the BLER performances comparison of SC-FDMA and OFDMA for in 2, 4 and 10 consecutive RBs respectively, where DFT based real channel estimation is used. From those results, we observe the following points.
· OFDMA outperforms SC-FDMA depending on the SINR regions and the gain is very small in a lower SINR region where QPSK is applied but the gain increases up to around 2 dB at 1% BLER point in a higher SINR region where 64QAM is applied.
· The performance gap between OFDMA and SC-FDMA increases as the allocated bandwidth (number of RBs) increases. 
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Figure 4  BLER performances of OFDMA and SC-FDMA with 2 RBs
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Figure 5  BLER performances of OFDMA and SC-FDMA with 4 RBs
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Figure 6  BLER performances of OFDMA and SC-FDMA with 10 RBs

Figure 7, 8 and 9 show the BLER performances comparison of clustered DFT-s-OFDMA and Nx SC-FDMA with in 2, 3 and 4 chunks or DFT blocks respectively. 2, 3 and 4 RBs per chunk or DFT block are considered in each figure. From those results, we observe the following point.

· For all cases, Nx SC-FDMA slightly outperforms clustered DFT-S-OFDMA and the gain is around or less than 0.3 dB 
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Figure 7  BLER performances of clustered DFT-s-OFDMA and Nx SC-FDMA with 2 clusters or DFT blocks
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Figure 8  BLER performances of clustered DFT-s-OFDMA and Nx SC-FDMA with 3 clusters or DFT blocks
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Figure 9  BLER performances of clustered DFT-s-OFDMA and Nx SC-FDMA with 4 clusters or DFT blocks
3.2. Comparisons in case of MIMO transmission

3.2.1.  CM comparisons
In this section, CM performances of clustered DFT-s-OFDMA in MIMO case is shown depending on the number of clusters and precoding matrix selection in case of 2 transmit antenna ports. It should be noted that CM value of OFDMA is 4 dB regardless of non-MIMO or MIMO transmission. Even though we didn’t simulate Nx SC-FDMA in MIMO case, it can be deduced that relative comparison between Nx SC-FDMA and OFDMA will be similar with that of clustered DFT-s-OFDMA and OFDMA based on the results in non-MIMO case.
In table 2, CM values achieved by simulation are shown for subband precoding (SB) and wideband precoding (WB) depending on the rank. As precoding matrix, precoding matrices for spatial multiplexing for 2 antenna ports in TS36.211 [10] are used. That is, codebook index is randomly selected among 1, 2, and 3 for rank 1, and among 1 and 2 for rank 2 respectively. In case of subband precoding, codebook index is independently selected between different subbands. In addition, 4 RBs per subband is always assumed so that number of RBs per cluster is 4, 8, 12, and 16 when number of subbands per cluster is 1, 2, 3 and 4 respectively.

Table 2  CM results for multiple access options in MIMO case
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From the CM results in table 2, we observe the following points.
· In case of wideband precoding, CM value of clustered DFT-S-OFDMA is always smaller than that of OFDMA and the gain is similar with non-MIMO case for rank 1. For rank 2, the gain reduces compared with non-MIMO case.
· In case of subband precoding, the CM performance gain of DFT-S-OFDMA over OFDMA reduces considerably as the number of subbands increases.
It should be also noted that CM value of 1st antenna port in case of subband precoding doesn’t increase as the number of subbands per cluster increases because precoding matrix for rank 2 with spatial multiplexing in TS36.211 doesn’t change the first row depending on the codebook index.
3.2.2.  Link throughput comparisons

Figure 10 and 11 show the throughput performances comparison of SC-FDMA and OFDMA for in 2 and 8 consecutive RBs respectively, where 2x2 MIMO transmission is simulated using a same codebook with LTE in TS36.211. The same uplink reference signal structure as in LTE is assumed. Figure (b) in figure 10 or 11 shows % throughput comparison where throughput of OFDMA is set as 100 % throughput reference. From the results, we observe the following points.

· OFDMA always outperforms SC-FDMA where the throughput gap is bigger in higher SINR region

· The throughput gain of OFDMA over SC-FDMA increases as the number of assigned RBs increases. Typically in the simulation results, about 8 % maximum gain is shown with 2 RB allocation and about 20 % maximum gain is shown with with 8 RB allocation.
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Figure 10  Throughputs of SC-FDMA and OFDMA with 2x2 MIMO transmission (2 RBs)
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Figure 11  Throughputs of SC-FDMA and OFDMA with 2x2 MIMO transmission (8 RBs)

4. Other uplink multiple access scheme option(s)

In this section, we introduce a further detailed option to be considerable.
· Clustered DFT-s-OFDMA per f-block
As illustrated in figure 12, clustered DFT-s-OFDMA may be applied to each, e.g. 20 MHz frequency block (f-block). This option can provide more scheduling flexibility within each f-block for the UEs with better geometry while allowing single carrier transmission for power-limited UEs by scheduling localized RBs only in a single f-block.
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Figure 12  Illustration of clustered DFT-s-OFDMA per f-block
· Transmission of multiple f-blocks through multiple antennas
When UE is incorporated with multiple transmit antennas, multiple f-blocks may be grouped and each group may be transmitted over each antenna to mitigate the increase of CM. Figure 13 illustrates an example of transmitting 3 f-blocks over 2 transmit antennas, where the group of the first two f-blocks is transmitted over the first antenna and the remaining f-block is transmitted over the second antenna. As the number of f-blocks assigned to each antenna is usually smaller than the number of entire f-blocks, CM per antenna improves with respect to the case of transmitting over a single antenna.
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Figure 13  CM improvement for multiple f-blocks through multi-antenna transmission
5. Summary
In this paper, various options for LTE-A uplink multiple access scheme are analyzed. We suggest discussing those details further before narrowing down the options at this stage.
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