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1. Introduction

Clustered SC-FDMA and NxSC-FDMA are the two schemes proposed for aggregated UL multiple access in LTE Advanced (LTE-A). Both techniques offer better peak-to-average power (PAPR) characteristics than OFDMA and maintain the backward compatibility with LTE. Indeed, this comparison has undergone much recent scrutiny and has left an inconsistent picture on PAPR [1]-[5]. In this contribution, we offer additional analysis to understand which technique offers the best PAPR and attempt to draw conclusions as to how a scheduler may act to improve system performance.

2. PAPR Characteristics of Clustered SC-FDMA and NxSC-FDMA
We begin our investigation with a 40 MHz aggregated channel (see Fig. 1) where we compare PAPR characteristics of Clustered SC-FDMA and NxSC-FDMA. It is assumed that the quantity of QPSK symbols required for transmitting 20 RBs is submitted to Clustered SC-FDMA and NxSC-FDMA. The block of 20 RBs is divided to two sub-blocks mapping to two aggregated channels. The simulation is taken with several combinations of sub-block sizes starting with 1 RB in the upper and 19 RBs in the lower channel. It is continued with increasing the number of RBs in upper channel and decreasing the number of RBs in lower channel until 10 RBs are placed in both upper and lower channels.
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Fig. 1 Block diagram of (a) Clustered SC-FDMA (b) 2xSC-FDMA for a 40 MHz aggregated Channel
As can be seen in Fig. 2 (top), the PAPR for Clustered SC-FDMA with 1 RB in the upper channel and 19 RBs in the lower channel is slightly more than that in SC-FDMA. For notational purposes we will call this as couple of [1 19] RBs. As the number of RBs in the upper channel increases and consequently the number of RBs in the lower channel decreases, the PAPR starts to rise. The PAPR reaches a maximum in the case of [5 15]. After that the PAPR starts decreasing until it gets to 10 RBs in each aggregated channel ([10 10]). A conclusion from this is that when the ratio between the lower and upper channel (or vice versa) is high, PAPR with respect to SC-FDMA is not much changed. When the ratio between the upper and lower channel is medium (e.g. [5 15]), the PAPR for the Clustered SC-FDMA will be the highest. When the ratio is one [10 10], the PAPR will be moderate. 
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Fig. 2 PAPR of Clustered SC-FDMA (top) and 2xSC-FDMA (bottom) in a 40 MHz aggregated system transmitting 20 RBs of QPSK symbols.
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Fig. 3 PAPR of Clustered SC-FDMA (top) and 2xSC-FDMA (bottom) in a 40 MHz aggregated system transmitting 100 RBs of QPSK symbols.

Fig. 2 (bottom) shows the PAPR results for 2xSC-FDMA. It shows that the PAPR is minimized when there are 10 RBs sent on the upper and 10 RBs sent on the lower channel.  In this case, we conclude that to minimize the PAPR for NxSC-FDMA, the size of the RB segments in the upper and lower channel should be close – the same conclusion as with Clustered SC-FDMA. A comparison between the [10 10] PAPR for Clustered SC-FDMA can also be found in Fig. 2 (bottom). Clustered SC-FDMA has a lower PAPR. Another important aspect to note is that the maximum PAPR for Clustered SC-FDMA in this case is less than the lowest PAPR case for 2xSC-FDMA.

Fig. 3 shows the results for a similar simulation but with 100 RBs, rather than 20 RBs. The same PAPR behaviour as in Fig. 2 can be observed and the same conclusion can be drawn: Attempt to keep the number of RBs in the upper and lower aggregated 20 MHz frequencies as close as possible. In addition, the PAPR of Clustered SC-FDMA is lower than the PAPR of 2xSC-FDMA. The same behaviour can be seen in higher bandwidth systems with different number of RBs and modulations.

Since in practice the segmentation of RBs in a way that the ratio is high (e.g. [1 19]) is not common, we tend to conclude that a scheduler should try to keep the segment sizes as close to equal as possible.

Fig. 4 shows more PAPR results for Clustered SC-FDMA and 2xSC-FDMA. The assumption, in this simulation, is an LTE-A system with 40 MHz aggregated bandwidth and fixed number of 100 RBs. The PAPR of Clustered SC-FDMA with different number of sub-blocks and each sub-block having the same number of RBs is shown. As it can be seen, by increasing the number of sub-blocks the PAPR increased; however, a saturation effect can be seen. The maximum PAPR in Clustered SC-FDMA is much lower than that in an OFDM system with the same number of RBs. The PAPR of NxSC-FDMA with two sub-blocks of 50 RBs is much higher than that in the same system with Clustered SC-FDMA scheme. For comparison, the PAPR of 3xSC-FDMA with three sub-blocks of [40 30 30] RBs is also shown. Simulations with larger bandwidths and number of RBs confirm this observation.

This simulation suggests that the number of sub-blocks should be minimal in order to reduce the PAPR of the multiple access schemes, either Clustered SC-FDMA or NxSC-FDMA.
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Fig. 4 PAPR characteristics of Clustered SC-FDMA and 2xSC-FDMA in an aggregated 40 MHz system with different number of sub-blocks and 100 RBs of QPSK symbols.
Fig. 5 shows another simulation to confirm this observation. We now allow for an examination of not only a 40 MHz aggregated channel, but up to 100 MHz. Part of Fig. 5 shows what occurs when equally sized segments are allowed to get larger. The purple curves show that there is no appreciable difference between groups of 40, 50, or 60 RBs for Clustered SC-FDMA. The same is noted when the aggregated channel is 100 MHz. There is very little difference in PAPR characteristics between the results of the 40 and 100 MHz aggregated channels.

We also include an analysis of what happens to PAPR when the number of sub-blocks, their sizes, and their placements in aggregated channels are allowed to be random. To do this, we randomly select the number of sub-blocks between 1 and 5. Each sub-block has a random number of RBs, up to the number of RBs in bandwidth divided by the number of sub-blocks. Then this sub-block of RBs is placed randomly in each aggregated channel. We limit the investigation to Clustered SC-FDMA. The PAPR of these systems with different bandwidths is shown in Fig. 5. As it can be seen, when the number and size of sub-blocks are random, the PAPR is higher than that when the number of sub-blocks is fixed and their sizes are equal.

[image: image7.emf]6 6.5 7 7.5 8 8.5 9 9.5 10

10

-3

10

-2

10

-1

10

0

PAPR (dB)

CCDF

Random sub-blocks with random sizes                                                     

 

 

SC-FDMA 20 Mhz BW

40 MHz CL-SC-FDMA, [40 40] RBs

40 MHz CL-SC-FDMA, [50 50] RBs

40 MHz CL-SC-FDMA, [60 60] RBs

100 MHz CL-SC-FDMA, [100 100] RBs

100 MHz CL-SC-FDMA, [125 125] RBs

100 MHz CL-SC-FDMA, [200 200] RBs

40 MHz CL-SC-FDMA, random 

80 MHz CL-SC-FDMA, random 

100 MHz CL-SC-FDMA, random 


Fig. 5 PAPR of Clustered SC-FDMA for random number of sub-blocks with random sizes and QPSK symbols

3. Spectrum Efficiency Comparison
Some companies have proposed adding OFDMA to SC-FDMA as an uplink multiple access scheme in 20 MHz channels [7]. OFDMA has high spectrum efficiency by allowing discontinuous frequency resource allocation within 20MHz bandwidth. In order to reduce the amount of signalling overhead, a scheduler may limit the number of smaller continuous bands to be transmitted in the 20 MHz carrier component. In these cases, Clustered SC-FDMA may be considered as an alternative to OFDMA in an effort to increase efficiency while controlling PAPR. 

Fig. 6 compares spectrum efficiency of 20MHz and 40MHz configurations between OFDMA and Clustered SC-FDMA. The system parameters are shown in Table 1 in the appendix. It can be seen that in a 20 MHz system, that uses Clustered SC-FDMA and five equally sized clusters (each cluster has two RBs), we can achieve almost the same spectrum efficiency as OFDMA. However, the PAPR for Clustered SC-FMDA is much better than that in OFDMA system (about 1.3 dB at 1% CCDF). In this figure, we can also see that the spectrum efficiency of a 40 MHz system can achieve a performance close to OFDMA, by increasing the number of clusters in Clustered SC-FDMA. However, the PAPR for Clustered SC-FMDA is about 1.4 dB less than that in OFDMA system at 1% CCDF.
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Fig. 6 Spectrum efficiency comparison of 20 and 40 MHz systems with OFDMA and Clustered SC-FDMA 

4. Summary and Conclusions

Certain PAPR characteristics of Clustered SC-FDMA and NxSC-FDMA are investigated and simulated. We note that Clustered SC-FDMA has better PAPR characteristics and potentially better spectrum efficiency than NxSC-FDMA. Further, to limit the size of PAPR, schedulers for Clustered SC-FDMA and NxSC-FDMA systems should attempt to minimize the number of RB groups, and keep their sizes as equal as possible. Simulations indicate that Clustered SC-FDMA has spectrum efficiency that can approach OFDMA.
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Appendix

Table 1 Simulation Parameters
	Number of subcarriers
	10 RBs (20MHz) & 20 RBs (40 MHz)

	Adaptive modulation and coding
	Enabled [TS 36.213]

	Max. number of retransmissions in HARQ
	2

	Channel coding
	Turbo code (R = 1/3), Number of iterations: 4

	Number of Tx and Rx antennas
	Tx: 1, Rx: 2

	Channel model
	Typical Urban 6-path Rayleigh

	Doppler frequency
	5.5 Hz (3 km/h)

	Feedback delay
	4 msec (4 TTI)

	Equalization
	MMSE
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