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1. Introduction
At the RAN1 adhoc meeting (Sophia Antipolis), a joint contribution on a radio access concept was proposed [1]. In the contribution, a single-carrier based radio access scheme was proposed because it is very advantageous in supporting wide-area coverage in cellular systems owing to its low peak-to-average power ratio (PAPR) features. Moreover, in the uplink, an efficient data modulation scheme, which provides a low PAPR and cubic metric (CM), is essential. Therefore, this paper investigates the PAPR, CM, and the required signal energy per symbol-to-noise power spectrum density ratio (Es/N0) for various 16-level data modulation schemes in the uplink single-carrier (SC)-FDMA radio access.
2. 16-Level Data Modulation Schemes

In the current TR25.814, only the square 16QAM may be assumed as a 16-level modulation scheme [2]. However, detailed reasons to indicate that the square 16QAM modulation is the best candidate from the viewpoints of PAPR, CM, and packet error rate (PER) among 16-level modulation schemes, have not yet been investigated. Thus, we investigate the PAPR, CM, and PER performance levels for the square 16QAM, star 16QAM [3], and 16PSK modulation schemes in the paper. Figure 1 illustrates the signal constellation of the square 16QAM modulation assumed in the paper. We investigated the performance for two types of star 16QAM schemes as shown in Figs. 2(a) and 2(b): (4, 12) and (8, 8) star 16QAM schemes. As shown in Fig. 2, the star 16QAM scheme employs multiple rings with different amplitudes. In the paper, we assume the number of rings is two. In the figure, Rradius indicates the ratio of the inner ring amplitude, r1, to the outer ring amplitude, r2. The feature of the (4, 12) star 16QAM scheme is such that the inner ring is robust against noise and interference owing to the long Euclidian distance compared to the (6, 10) and (8, 8) star 16QAM schemes, whereas robust signal mapping is possible in the (8, 8) star 16QAM scheme by assigning three bits for phase difference and one bit for amplitude difference. Figure 3 shows the signal constellation of the 16PSK modulation scheme, which we use as a reference.
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Figure 1 – Signal constellation of square 16QAM modulation
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(a) (4, 12) star 16QAM                                            (b) (8, 8) star 16QAM

Figure 2 – Signal constellation of star 16QAM modulation
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Figure 3 – Signal constellation of 16PSK modulation

3. PAPR, CM, and PER Performance

3.1. PAPR and CM
We first investigate the complementary cumulative distribution function (CCDF) of the PAPR and CM for the respective 16-level modulation schemes employing localized FDMA transmission with the symbol rate of 4.096 Msps associated with the roll-off factor of 0.14. Tables 1(a) and 1(b) summarize the PAPR at the 99.99% CCDF and CM values for the (4, 12) star 16QAM and (8, 8) star 16QAM modulations, respectively, with the relative amplitude value, Rradius, as a parameter. The performance levels of the square 16QAM and that of 16PSK are also given in the respective tables. We see that 16PSK achieves lower PAPR and CM values than the other modulation schemes. We also find that the (4, 12) star 16QAM achieves the lower PAPR and CM compared to the (8, 8) star 16QAM when the same Rradius value is used. For instance, the PAPR at the 99.99% CCDF and CM values for the (4, 12) star 16QAM with Rradius = 1.5 are reduced by approximately 1.0 dB and 0.7 dB, respectively, compared to those of the square 16QAM modulation. Therefore, we see from the tables that the star 16QAM is more advantageous than the square 16QAM from the viewpoint of the reduction in the PAPR.
Table 1 – Comparison of PAPR and CM for various 16QAM modulations
(a) (4, 12) star 16QAM modulation
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(b) (8, 8) star 16QAM modulation
[image: image6.wmf]1.27

6.20

R

radius

= 1.6

1.15

6.07

R

radius

= 1.5

R

radius

= 1.2

R

radius

= 1.7

R

radius

= 1.8

R

radius

= 2.0

R

radius

= 2.5

R

radius

= 3.0

0.66

5.33

16

PSK

1.40

6.33

1.70

6.60

2.28

7.03

(8, 8)

star

16QAM

1.61

6.70

Square 16QAM

1.51

6.40

0.78

5.53

2.06

CM [dB]

6.87

PAPR [dB]

(99.99%)

1.27

6.20

R

radius

= 1.6

1.15

6.07

R

radius

= 1.5

R

radius

= 1.2

R

radius

= 1.7

R

radius

= 1.8

R

radius

= 2.0

R

radius

= 2.5

R

radius

= 3.0

0.66

5.33

16

PSK

1.40

6.33

1.70

6.60

2.28

7.03

(8, 8)

star

16QAM

1.61

6.70

Square 16QAM

1.51

6.40

0.78

5.53

2.06

CM [dB]

6.87

PAPR [dB]

(99.99%)


3.2. PER performance
We investigated the PER performance considering the CM for the respective 16-level modulation schemes. Table 2 gives the radio parameters assumed in the paper based on the agreed simulation parameters in [2]. We assume localized FDMA transmission with the symbol rate of 4.096 Msps using the roll-off factor of 0.14. A random sequence is used for the pilot symbols. At the receiver, we employ two-branch antenna diversity reception. The received path timings are estimated from the generated power delay profile using the time-multiplexed pilot channel with a threshold detection method. The channel impulse response, i.e., channel gain, and noise power are also estimated employing the pilot channel. By employing the estimated channel gain and noise power, linear MMSE frequency domain equalization is performed.    
Table 2 – Simulation parameters
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Figures 4(a) and 4(b) show the average PER performance using the channel coding rate of R = 1/3 and 1/2, respectively, for the (4, 12) star 16QAM modulation scheme with the Rradius value as a parameter, as a function of the average received Es/N0 per receiver branch. The PER performance levels of the square 16QAM and 16PSK are also given in the figures. The figures show that according to the increase in the Rradius value, the PER performance is improved, since the Euclidian distance between the signal constellations in the inner ring and that in the outer ring becomes long. As anticipated, the figures also show that the PER performance of the square 16QAM is superior to those of the (4, 12) star 16QAM and 16PSK without considering the influence of the CM.
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(a) R = 1/3
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(b) R = 1/2
Figure 4 – Average PER performance of (4, 12) star 16QAM modulation 

with Rradius value as a parameter
Figures 5(a) and 5(b) show the average PER performance using the channel coding rate of R = 1/3 and 1/2, respectively, for the (8, 8) star 16QAM modulation scheme with the Rradius value as a parameter, as a function of the average received Es/N0 per receiver branch. The figures show that the (8, 8) star 16QAM modulation achieves better PER performance than the (4, 12) star 16QAM modulation. This is explained as follows. As shown in Fig. 2(b), three bits represent the phase modulation, while one bit represents the amplitude modulation in the (8, 8) star 16QAM modulation. Thus, the independent bit mapping in the amplitude and phase provides greater robustness than in the (4, 12) star 16QAM mapping for multipath Rayleigh fading. Therefore we find that the (8, 8) star 16QAM modulation achieves almost the same PER performance for the square 16QAM modulation when the optimum Rradius value is used in the both cases of R = 1/3 and 1/2. 
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(a) R = 1/3
[image: image11.wmf]10

-3

10

-2

10

-1

10

0

4

6

8

10

12

14

16

18

20

Average PER

Average received E

s

/N

0

 per receiver branch (dB)

Square 16QAM

R

radius

= 3.0

R

radius

= 2.5

R

radius

= 2.0

R

radius

= 1.8

R

radius

= 1.7

R

radius

= 1.6

R

radius

= 1.5

16PSK

(8, 8)

star

16QAM

6

-

ray TU


(b) R = 1/2
Figure 5 – Average PER performance of (8, 8) star 16QAM modulation 

with Rradius value as a parameter
The results of the PER performance in Figs. 4 and 5 do not consider the CM. Therefore, the required average received Es/N0 per receiver branch for the average PER of 10-1 considering the CM is plotted in Figs. 6(a) and 6(b) as a function of the Rradius value for R = 1/3 and 1/2, respectively. We assume an AWGN channel in Fig. 6 since the channel variation approaches the AWGN condition when channel-dependent scheduling is applied. Figure 6(a) shows that in the case of R = 1/3, both the (8, 8) and (4, 12) star 16QAM modulations achieve a lower required received Es/N0 values than the square 16QAM with small Rradius value owing to the smaller CM feature. In particular, the required average received Es/N0 of the (8, 8) star 16QAM modulation with Rradius = 1.2 can be decreased by approximately 0.8 dB compared to that of the square 16QAM. Meanwhile, in the case of R = 1/2, the required average received Es/N0 of the (8, 8) star 16QAM modulation with Rradius =1.5 can be decreased by approximately 0.2 dB compared to that of the square 16QAM, as shown in Fig. 6(b).
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(a) R = 1/3
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Figure 6 – Required average received Es/N0 at the average PER of 10-1 considering CM

 as a function of Rradius value (AWGN channel) 

Figures 7(a) and (b) show the required average received Es/N0 per receiver branch for the average PER of 10-1 considering the CM in the six-ray TU channel model as a function of the Rradius value for R = 1/3 and 1/2, respectively. Figure 7(a) shows that in the case of R = 1/3, both the (8, 8) and (4, 12) star 16QAM modulations achieve lower required received Es/N0 values than the square 16QAM with small Rradius value owing to the smaller CM feature. In particular, the required average received Es/N0 of the (8, 8) star 16QAM modulation with Rradius = 1.2 can be decreased by approximately 0.8 dB compared to that of the square 16QAM. Meanwhile, in the case of R = 1/2, the square 16QAM modulation achieves better performance than the (8, 8) and (4, 12) star 16QAM modulations as shown in Fig. 7(b).
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(a) R = 1/3
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Figure 7 – Required average received Es/N0 at the average PER of 10-1 considering CM 

as a function of Rradius value (6- ray TU channel) 

Finally, Figs. 8(a) and 8(b) show the throughput performance for various 16QAM modulations as a function of the required average received Es/N0 including the transmission back-off corresponding to CM value. Figures 8(a) and 8(b) assume an AWGN channel and the six-ray TU channel model, respectively. We use the optimum Rradius value for the (8, 8) and (4, 12) star 16QAM modulations. Figure 8(a) shows that the (8, 8) and (4, 12) star 16QAM modulations achieve a higher throughput than the square 16QAM for R = 1/3. However, as indicated in the figure, QPSK modulation with R = 2/3 achieves higher throughput than that achieved by 16QAM with R = 1/3. We also find that the (8, 8) and (4, 12) star 16QAM modulations with R = 1/2 achieve almost the same throughput that achieved by 8PSK with R = 2/3. This means that the advantageous received Es/N0 area of (8, 8) and (4, 12) star 16QAM modulations is covered by the lower MCS of 8PSK with R = 2/3. Similar to the results in the AWGN channel, Figure 8(b) shows that the (8, 8) and (4, 12) star 16QAM modulations achieve a higher throughput than the square 16QAM for R = 1/3. However, as indicated in the figure, QPSK modulation with R = 2/3 achieves higher throughput than that achieved by 16QAM with R = 1/3. We also find that the (8, 8) and (4, 12) star 16QAM modulations with R = 1/2 achieves almost the same throughput that achieved by 8PSK with R = 2/3. Therefore, the advantage of the (8, 8) and (4, 12) star 16QAM modulations with a low channel coding rate is concealed by the usage of QPSK or 8PSK modulation with a high coding rate.
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Figure 8 – Throughput for various 16QAM modulations as a function of average received Es/N0 including transmission back-off 

4. Conclusion

This paper investigated the PAPR, CM, and the required received Es/N0 performance levels for various 16-level data modulation schemes in the uplink SC-FDMA radio access. We conclude that the square 16QAM modulation should be used as a working assumption for SC-FDMA radio access in the E-UTRA uplink.
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