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1. Introduction

To fulfill the requirements on LTE-A UL, several technology components were discussed at the previous WG1 meetings [1-7]. Among them, MIMO is a promising technique to increase the peak data rate and coverage in UL [4-8]. In addition, several enhanced multiple access techniques are considered for LTE-A UL. However, the use of some of MIMO schemes and/or the enhanced multiple access schemes may require a UE power amplifier back-off due  to the possible increment of the cubic metric (CM) (and/or PAPR) of UL signals.
In this contribution, we analyze the CM of several MIMO techniques and multiple access schemes in UL. From the CM results under certain system configurations, we make the following observations: 

· In UL SISO, depending on the modulation type in use, SC-FDMA results in [0.7 ~ 1.3] dB lower CM than Clustered DFT-S-OFDMA, and [1.4 ~ 2.3] dB lower CM than OFDMA. 

· In UL MIMO, SM (spatial multiplexing, i.e., identity precoding matrix) does not affect the CM. However, SFBC and Tx precoding increase the CM by [1.0 ~ 1.7] dB and [0.6 ~ 1.1] dB, respectively, in SC-FDMA. On the other hand, in clustered DFT-S-OFDMA, SFBC and Tx precoding increase the CM by [0.4 ~ 0.7] dB and [0.2 ~ 0.5] dB, respectively. 

· The CM results for the OFDMA signals are almost identical for all the modulation types and MIMO schemes.
2. 
CM Analysis of Uplink Transmission Scheme
2.1. Cubic Metric
In 3GPP, the cubic metric (CM) has been considered to better reflect the required power amplifier back-off than the PAPR. In this contribution, we use the CM as defined in [8]
CM = [20 * log10 ((v_norm 3) rms) – 20 * log10 ((v_norm_ref 3) rms)] / 1.85

where v_norm is the normalized voltage waveform of the input signal and v_norm_ref is the normalized voltage waveform of the reference signal (12.2 kbps AMR Speech) and

20 * log10 ((v_norm_ref 3) rms) = 1.52 dB
2.2. Uplink Transmission Scheme
For the CM analysis presented here, we consider several MIMO schemes and enhanced multiple access schemes which could be potential technology components to be considered for LTE-A UL.
As for UL MIMO, we study three MIMO options: SFBC Tx diversity and spatial multiplexing MIMO with and without transmit precoding. The use of UL MIMO (especially SFBC and Tx precoding) may increase the cubic metric because each transmit signal becomes a composite signal due to the spatial processing. 
In the previous WG1 meetings, several companies presented their views/proposals in the contributions on UL multiple access for LTE-A. The proposed schemes include SC-FDMA, clustered DFT-S-OFDMA, OFDMA, and hybrid SC-FDMA and OFDMA [1-3]. The primary motivation for introducing such multiple access scheme(s) for LTE-A is to support a wider BW with possibly discontinuous (and/or flexible) BW/resource allocation in LTE-A UL where the LTE multiple access scheme, SC-FDMA, may not be suitable for discontinuous resource allocation. However, some multiple access schemes which do not retain the single carrier property increase the CM (and PAPR). In [2], the CM analysis of several multiple access schemes was performed for single antenna transmission. 

In the following section, we analyze the CM of UL MIMO for several multiple access schemes.     
2.3. Simulation Configuration
The CM of several multiple access schemes and MIMO techniques has been investigated by simulations. In the simulations, we assume a 20 MHz bandwidth and multiple subbands (also called clusters), each subband having 60 subcarriers (5 RBs). The number of the subbands is random and uniformly distributed between one and four. In addition, the subbands are randomly distributed over the bandwidth except when SC-FDMA is used where the subbands are constrained to be adjacent.

The studied multiple access schemes and MIMO techniques are:
Multiple access schemes:
· SC-FDMA
· Clustered DFT-S-FDMA
· OFDMA
 MIMO techniques:
· Single transmit antenna

· Precoding. The 2 Tx downlink precoding codebook is used. The codebook is 
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· SFBC

When precoding is used, the precoding matrix for each subband is randomly selected among the three matrices in the codebook. Note that the first precoding matrix results in spatial multiplexing and is equivalent to having a single transmit antenna. When SC-FDMA is used, a single precoding matrix is used for all of the subbands. This means we have frequency non-selective precoding.

For each randomly selected resource allocation, i.e. number of subbands and subband locations, and precoding matrix, we compute the CM over 3000 OFDM symbols and draw the cdf. We also give the 90 % point of the cdf in the tables.

The simulation parameters are summarized in Table 1.
Table 1 Simulation assumptions
	Parameter
	Assumption

	Transmission bandwidth
	20 MHz

	Subband (cluster) size
	60 subcarriers (5 RBs)

	Maximum number of subbands (clusters)
	4

	Data modulation
	QPSK, 16QAM, 64QAM 

	Antenna configurations 
	SISO, 

2 x 2 MIMO: SM, Precoding, SFBC

	Multiple access scheme
	SC-FDMA, Clustered DFT-S-OFDMA, OFDMA

	Precoding codebook
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	Number of subbands
	Uniformly distributed between 1 and 4

	Subband allocation
	SC-FDMA: random but adjacent

Clustered-DFT-S-FDMA: random

OFDMA: random



	Precoder selection
	SC-FDMA: randomly selected and same for all subbands

Clustered-DFT-S-FDMA: randomly selected for each subband

OFDMA: randomly selected for each subband




The cdf of the CM for each configuration is drawn in the figures below and also the CM value corresponding to the 90 % probability is given in the corresponding tables.

Figure 1 illustrates the cdf of the CM for a single transmit antenna case and Table 2 gives the 90% value of the cdf. For OFDMA, the cdf is the same for all modulation types, multiple access schemes and MIMO techniques, so a single curve is drawn. As expected, OFDM results in the largest CM, followed by clustered SC-FDMA, and the SC-FDMA results in the smallest CM. The CM also increases with the modulation order but the difference between 16 QAM and 64 QAM is smaller than the difference between QPSK and 16 QAM. Using a higher modulation order results in the largest CM increase when SC-FDMA is used. With clustered DFT-S-FDMA, the increase is smaller because clustering already increases the CM.
Figures 2-4 illustrate the CM cdf plots for the multiple access schemes and MIMO techniques listed in the simulation assumptions. Tables 3-5 list the corresponding 90% values. In all cases, we see that SFBC results in the largest CM followed by precoding. For OFDMA, the CM is the same for all configurations. The difference of the CM for the two transmit antennas is negligible, so the results for only one of the antennas are shown.
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Figure 1. cdf of the CM for several multiple access schemes and modulation orders with a single Tx antenna
Table 2. 90% value of the cdf of the CM in Figure 1 
	
	SC-FDMA
	Clustered DFT-S-FDMA
	OFDMA

	QPSK
	1.05
	2.39
	3.38

	16 QAM
	1.83
	2.69
	3.38

	64 QAM
	1.98
	2.76
	3.38
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Figure 2.  QPSK cdf of the CM for several multiple access schemes and MIMO techniques with QPSK
Table 3.  90% value of the cdf of the CM in Figure 2
	
	SC-FDMA
	Clustered DFT-S-FDMA
	OFDMA

	SM (with identity matrix precoding)
	1.05
	2.39

	3.39

	Precoding
	2.17
	2.82

	3.38

	SFBC
	2.79
	3.1
	3.39
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Figure 3.  cdf of the CM for several multiple access schemes and MIMO techniques with 16 QAM
Table 4.  90% value of the cdf of the CM in Figure 3
	
	SC-FDMA
	Clustered DFT-S-FDMA
	OFDMA

	SM (with identity matrix precoding)
	1.83

	2.7

	3.38


	Precoding
	2.58

	3.0
	3.38

	SFBC
	2.97

	3.18

	3.38
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Figure 2.  cdf of the CM for several multiple access schemes and MIMO techniques with 64 QAM
Table 3.  90% value of the cdf of the CM in Figure 4
	
	SC-FDMA
	Clustered DFT-S-FDMA
	OFDMA

	SM (with identity matrix precoding)
	1.98
	2.75
	3.38

	Precoding
	2.65
	3.02
	3.38

	SFBC
	3.0

	3.19
	3.38




2.4. CM of Uplink Transmission Signals
From the CM results, as shown in Tables 2-4, under certain system configurations, we have the following observations:

· In UL SISO, depending on the modulation type in use, SC-FDMA has a [0.7 ~ 1.3] dB lower CM than Clustered DFT-S-OFDMA, and [1.4 ~ 2.3] dB lower than OFDMA. 
· In UL MIMO, SM (i.e., identity precoding codebook) does not affect the CM. However, SFBC and Tx precoding BF increase the CM by [1.0 ~ 1.7] dB and [0.6 ~ 1.1] dB, respectively, in SC-FDMA. On the other hand, in clustered DFT-S-OFDMA, SFBC and Tx precoding BF increase the CM by [0.4 ~ 0.7] dB and [0.2 ~ 0.5] dB, respectively 
· The CM results for the OFDMA signals are almost identical for all the modulation types and MIMO schemes.

3. Conclusions

The CM properties were investigated for various UL transmission options for LTE-A, including UL MIMO schemes and multiple access schemes. As expected, the use of some of MIMO schemes and/or enhanced multiple access schemes causes the CM of the UL signals to be increased, which requires additional UE power amplifier back-off. However, in order to fulfill the requirements on LTE-A UL, we suggest considering all the potential UL technology components in the LTE-A study item. In addition, some CM reduction techniques should be studied as well.     
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