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1. Introduction

To fulfill the requirements on LTE-A UL, several technology components were discussed at the previous WG1 meetings [2-8]. Among them, MIMO is a promising technique to increase the peak data rate and coverage in UL [4-9]. In addition, several enhanced multiple access (MA) techniques are considered for LTE-A UL. However, the use of MIMO schemes and/or the enhanced MA techniques may require a UE power amplifier to back-off due to the possible increase of the cubic metric (CM) (and/or PAPR) of UL signals.
In [1], we investigated the CM properties for various UL transmission options being considered for LTE-A, including several MIMO schemes and MA techniques. In this contribution, we further evaluate the performance of these UL transmission options, showing the CM based backoff limited and non-backoff limited maximum throughput, taking into account the CM properties for each transmission option.  

From the throughput performance results under certain system configurations, we make the following observations: 

· In non-power limited geometry where backoff due to CM increase is not required, OFMDA outperforms Clustered DFT-S-OFDMA and SC-FDMA, due to its additional UL scheduling flexibility; with the greatest gains in higher frequency selective channels.
· In power limited geometry where the power is backed off by the CM increase, OFDMA performs worse than other MA schemes in many of the considered channel types/conditions..

· Clustered DFT-S-OFDMA provides better performance than SC-FDMA; even when the UE maximum power must be backed off by the CM increase, with the benefit being a function of the max number of clusters and the frequency selectivity of the channel.
· The throughput performance of proposed UL transmission schemes are highly dependent on channel conditions.  Therefore, flexibility in the type of UL multiple access for the UE may be beneficial and allow the network to optimize overall throughput depending on the UE channel conditions.  
2. Uplink System Model
2.1. Uplink Transmission Schemes
As in [1], we consider MIMO and enhanced MA schemes which could be potential technology components to be considered for LTE-A UL. 
The studied MA schemes and MIMO techniques in <= 20 MHz BW are:
Multiple access schemes:
· SC-FDMA: As in LTE, contiguous RBs are allocated for each UE. 
· Clustered DFT-S-FDMA (2,3,4,8 equal sized clusters): as proposed in [3], DFT precoding output is mapped to multiple clustered RBs.   
· OFDMA: As in LTE DL, per RB (or sub-band) based frequency dependent scheduling is considered.
MIMO techniques:
· Assuming 2 transmit antennas at the UE, we consider Rank-1 and rank-2 precoding with the E-UTRA downlink precoding codebook [10]. The codebooks are given as

Rank-1 codebook: 
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Rank-2 codebook: 
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In SC-FDMA, wideband precoding is used such that a selected precoding vector/matrix is used for all the allocated RBs. In clustered DFT-S-FDMA, one precoding matrix/vector is used per cluster, while in OFDMA, we consider 2 options, precoding per RB and per 3 RB .  
2.2. CM in UL Transmission Scheme
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 [11]

                      CM = [20 * log10 ((v_norm 3) rms) – 20 * log10 ((v_norm_ref 3) rms)] / 1.85          (1)
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
In [1], it was shown that the use of some of MIMO schemes and/or enhanced MA schemes causes the CM of the UL signals to be increased, which requires additional UE power amplifier back-off. For instance, the use of precoding MIMO in UL increases the CM because each transmit signal becomes a composite signal due to the spatial processing.
2.3. Simulation Configuration
The simulation consists of single UE being scheduled by a single eNB for 24 RB total allocation in each TTI. In order to simplify the simulation further, the system BW is partitioned into equal sized pieces and a subset of them is selected for each allocation based on the channel quality in each piece.  Each piece is the same size as cluster size being evaluated.  The precoder is also selected on a per piece basis. 

Once the allocation and precoders are selected, the most aggressive MCS with an estimated BLER not exceeding 10% is selected and the data block size is used to estimate the throughput for many channel realizations and geometries.  The throughput is assumed to be 90% of the transport block size in each TTI.  The MCS computed above is done with and without a power backoff determined by the CM increase of the transmission relative to SC-FDMA.  In this way, we may compare the achieved throughput increase/decrease resulting from proposed UL MA techniques in scenarios both where maximum power backoff is required due to increased CM and in scenarios where the UE is transmitting at less than the backed-off maximum power. 
The simulation parameters are summarized in Table 1.
Table 1 Simulation assumptions
	Parameter
	Assumption

	Transmission bandwidth
	20 MHz

	Total number of RBs allocated
	24

	Subband (cluster) size for DFT-S-FDMA
	24, 12, 8, 6, 3 RBs

	Subband size for OFDMA
	1, 3 RBs

	MCS
	As per [12]

	Antenna configurations 
	2 x 2 

	Multiple access (MA) scheme
	SC-FDMA, Clustered DFT-S-FDMA, OFDMA

	MIMO configuration
	Precoding: Rank-1 and 2

	Channel type
	SCM, PA, VA

	Resource allocation
	Best M pieces from partition system BW

	Receiver 
	MMSE


3. 
Performance of UL Transmission Signals

3.1. Throughput performance with non-power limited geometry
In this sub-section, it is assumed that the UE transmission target power is less than the backed-off maximum power (e.g., high geometry UE). For the sake of simplicity, scheduling of each UE just relies on the channel quality of each considered piece of the system bandwidth.  
Figure 1 shows the normalized throughput (bits/sec/subcarrier) vs. transmit Es/No of various MA schemes using Rank-1 precoding MIMO in 2x2 SCM channel. Table 1 shows the throughput gain relative to SC-FDMA (equivalently, Clustered DFT-S-OFDM with one cluster) in percentage using Rank-1 precoding MIMO under various channel types. 
Similarly, Figure 2 shows the normalized maximum throughput results with Rank-2 precoding MIMO in VA channel. Table 3 lists the relative throughput gain over SC-FDMA using Rank-2 MIMO under various channel types.  
From the performance results with non-power limited geometry scenario, we make the following observations:

· In both Rank-1 and Rank-2 MIMO options, OFMDA outperforms Clustered DFT-S-OFDMA and SC-FDMA, due to being more flexible in UL scheduling.
· The performance of Clustered DFT-S-OFDMA improves, as the number of clusters increases, for a given total number of RBs (equivalently, the cluster size gets smaller). This is due to more scheduling flexibility. 

·  The relative throughput gains of OFDMA and Clustered DFT-S-OFDMA (with multiple clusters) with respect to SC-FDMA depend on channel conditions, such that the more frequency selective (e.g, VA channel), the higher gain, taking advantage of frequency selective scheduling.
Rank-1 MIMO
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Figure 1.Normalized throughput vs. Es/No, using Rank-1 precoding in SCM channel. No max.power backoff
Table 2. Throughput gain relative to SC-FDMA, using Rank1 precoding under various channels. No maximum power backoff
	
	2x2 SCM
	2x2 PA
	2x2 VA

	MA       
	Es/No
(dB)
	-2


	6


	14


	-2


	6


	14


	-2


	6


	14



	OFDMA (1 RB)
	57%
	38%
	24%
	7%
	5%
	3%
	61%
	32%
	22%

	OFDMA (3 RBs)
	45%
	30%
	19%
	7%
	5%
	3%
	60%
	31%
	21%

	Clustered DFT: 

Max. 8 clusters
	39%
	29%
	18%
	6%
	4%
	3%
	55%
	29%
	20%

	Clustered DFT: 

Max. 4 clusters
	25%
	20%
	13%
	5%
	4%
	3%
	45%
	25%
	18%

	Clustered DFT: 

Max. 3 clusters
	19%
	15%
	9%
	5%
	4%
	3%
	35%
	20%
	14%

	Clustered DFT: 

Max. 2 clusters
	10%
	9%
	5%
	4%
	3%
	2%
	19%
	11%
	7%


Rank-2 MIMO
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Figure 2. Normalized throughput vs. Es/No, using Rank-2 precoding in VA channel. No max. power backoff
Table 3. Throughput gain relative to SC-FDMA, using Rank-2 precoding under various channels. No maximum power backoff.
	
	2x2 SCM
	2x2 PA
	2x2 VA

	                MA
	 Es/No (dB)
	-2
	6
	14
	-2
	6
	14
	-2
	6
	14

	OFDMA 1 RB
	35%
	43%
	37%
	2%
	6%
	6%
	27%
	45%
	38%

	OFDMA 3 RBs
	28%
	36%
	30%
	2%
	6%
	6%
	25%
	43%
	35%

	Clustered DFT: 

Max. 8 clusters
	21%
	25%
	24%
	5%
	5%
	6%
	19%
	29%
	29%

	Clustered DFT: 

Max. 4 clusters
	12%
	18%
	16%
	5%
	5%
	5%
	16%
	25%
	24%

	Clustered DFT: 

Max. 3 clusters
	9%
	13%
	12%
	4%
	6%
	5%
	11%
	20%
	20%

	Clustered DFT: 

Max. 2 clusters
	4%
	8%
	7%
	4%
	3%
	4%
	5%
	11%
	10%


3.2. Throughput performance with power limited geometry 
In this section, we assume that the UE is fully power limited (i.e. the UE is operating at its backed-off maximum power)  In the case, the MCS selection is done, assuming the UE will be transmitting at the backed-off maximum power.  The backed-off maximum power is determined by subtracting the difference of the CM  of SC-FDMA with a single transmit antenna and QPSK from the CM for the chosen MA type, MIMO mode, and modulation. For example, as shown in [1], the use of OFDMA in UL using precoding and 16 QAM has a CM approximately 2.4 dB greater than SC-FDMA with a single transmit antenna and QPSK. In this case, the actual transmit power of the OFDMA signal is reduced by 2.4dB. For the CM computation, Eq. (1) is used. As in Section 3.1, it is also assumed that scheduling of each UE just relies on received effective SNR per sub-band. 
Figure 3 shows the normalized achievable throughput vs. transmit Es/No of various MA schemes using Rank-1 precoding MIMO in 2x2 SCM channel. Table 4 shows the throughput gain relative to SC-FDMA in percentage using Rank-1 precoding MIMO under various channel types. 

Similarly, Figure 4 shows the normalized throughput results with Rank-2 precoding MIMO in PA channel. Table 5 lists the relative throughput gain over SC-FDMA using Rank-2 MIMO under various channel types.  

From the performance results with power limited geometry scenario, we observe the followings:
· In Rank-1 precoding MIMO, OFDMA performs worse than other MA schemes in most of the channel types/conditions under consideration.

· For Rank-2 MIMO, OFDMA performs slightly better or worse than other MA schemes and performs much worse in the PA channel which is less frequency selective.
· In both Rank-1 and Rank-2 MIMO options, Clustered DFT-S-OFDMA can provide better performance than SC-FDMA.
· The throughput performance of proposed UL transmission schemes highly depends on channel conditions/types.  
Rank-1 MIMO
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Figure 3. Normalized throughput vs. Es/No, using Rank-1 precoding in SCM channel
Table 4. Throughput gain relative to SC-FDMA, using Rank-1 precoding under various channels
	
	2x2 SCM
	2x2 PA
	2x2 VA

	MA
	  Es/No
    (dB) 
	-2
	6
	14
	-2
	6
	14
	-2
	6
	14

	OFDMA (1 RB)
	-4%
	5%
	8%
	-36%
	-15%
	-11%
	-4%
	-3%
	-2%

	OFDMA (3 RBs)
	-11%
	-1%
	2%
	-36%
	-16%
	-11%
	-6%
	-5%
	-3%

	Clustered DFT: 

Max. 8 clusters
	11%
	11%
	9%
	3%
	2%
	1%
	18%
	9%
	9%

	Clustered DFT: 

Max. 4 clusters
	7%
	7%
	6%
	3%
	2%
	1%
	18%
	9%
	9%

	Clustered DFT: 

Max. 3 clusters
	6%
	5%
	5%
	3%
	2%
	1%
	14%
	8%
	7%

	Clustered DFT: 

Max. 2 clusters
	3%
	4%
	4%
	2%
	2%
	1%
	8%
	4%
	4%


Rank-2 MIMO
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Figure 5. Normalized max. throughput vs. Es/No, using Rank-2 precoding under PA channel
Table 6. Throughput gain relative to SC-FDMA, using Rank-2 precoding under various channels
	
	2x2 SCM
	2x2 PA
	2x2 VA

	MA     
	Es/No

(dB)
	-2
	6
	14
	-2
	6
	14
	-2
	6
	14

	OFDMA 1 RB
	6%
	17%
	22%
	-13%
	-13%
	-4.4%
	3.3%
	14%
	24%

	OFDMA 3 RBs
	3%
	12%
	15%
	-13%
	-13%
	-4.5%
	3.0%
	10%
	21%

	Clustered DFT: 

Max. 8 clusters
	9%
	17%
	18%
	4.9%
	4.9%
	5.4%
	6.9%
	20%
	25%

	Clustered DFT: 

Max. 4 clusters
	5%
	13%
	12%
	4.9%
	4.9%
	5.3%
	6.1%
	18%
	22%

	Clustered DFT: 

Max. 3 clusters
	4%
	9%
	9%
	4.9%
	4.7%
	5.0%
	4.5%
	15%
	17%

	Clustered DFT: 

Max. 2 clusters
	3%
	6%
	6%
	4.4%
	3.8%
	4.2%
	1.9%
	8.4%
	9.7%


3.3. Comments on probability of needed backoff and overall TP derating

In Section 3.1 and Section 3.2, we consider two scenarios respectively: one for non-power limited geometry where backoff due to CM increase is not required, the other for power limited geometry where the maximum CM based power back-off is needed all the time. 
In general, whether a power back-off for a given UL transmission scheme is needed or not is linked to UL power control which is a function of several factors including the UE’s geometry and environment (i.e., pathloss plus shadowing), UL loading/interference, target service requirement, etc.. When the system is fully or fairly loaded in UL (30 UEs per cell in 20 MHz), it is estimated that more than 90% of UEs in the system may not need a power backoff due to the CM increase of the UL signal [2].   So even though our simulations with power backoff show substantial degradation relative to those without backoff, we recognize that this degradation would occur infrequently.
4. Conclusions

In [1], we investigated the CM properties for various UL transmission options being considered for LTE-A, including several MIMO schemes and MA techniques. In this contribution, we further evaluate the performance of these UL transmission options, showing the CM based backoff limited and non-backoff limited maximum throughput, taking into account the CM properties for each transmission option.  

From the throughput performance results under certain system configurations, we make the following observations: 

· In non-power limited geometry where backoff due to CM increase is not required, OFMDA outperforms Clustered DFT-S-OFDMA and SC-FDMA, due to its additional UL scheduling flexibility; with the greatest gains in higher frequency selective channels.
· In power limited geometry where the power is backed off by the CM increase, OFDMA performs worse than other MA schemes in many of the considered channel types/conditions..

· Clustered DFT-S-OFDMA provides better performance than SC-FDMA; even when the UE maximum power must be backed off by the CM increase, with the benefit being a function of the max number of clusters and the frequency selectivity of the channel.

· The throughput performance of proposed UL transmission schemes are highly dependent on channel conditions.  Therefore, flexibility in the type of UL multiple access for the UE may be beneficial and allow the network to optimize overall throughput depending on the UE channel conditions.

· While power backoff results show substantial degradation relative to those without backoff, we recognize that this degradation would probably occur infrequently.
We propose that RAN1 should continue to study the all of the proposed MA techniques currently in consideration.  
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