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1 Introduction

Optimum spectrum-shaping functions for peak-to-average power reduction for SC-FDMA were presented in [1]. The transmitted peak powers were shown to decrease for the proposed functions, i.e. discrete prolate spheroidal windows (DPSWs) and Kaiser windows, compared to root-raised cosine (RRC) spectrum shaping functions.

The peak power is the sum of the average transmitted power and the peak-to-average power ratio (PAPR), measured in a logarithmic (dB) scale. The peak-to-average power ratio has earlier been used to indicate the required power amplifier back-off. However, the cubic metric (CM) has in 3GPP been considered to better reflect the required power amplifier back-off. Recently, modifications to the CM have been proposed to better model the impact of transmitted signals in E-UTRA on the power back-off [2], but for this contribution we only consider the original CM.
In this contribution, we present simulation results for the average required SNR, as well as for the cubic metric values, obtained when the DPSWs and the Kaiser windows are applied along with QPSK and π/2-shifted BPSK modulation. (The π/2-shifted BPSK modulation has been deployed to decrease both PAPR and cubic metric [3] and thus to improve wide area coverage.)
In the next section we discuss the impact of the cumulative distribution function (CDF) of the transmit power of a normalized signal on the PAPR and the cubic metric. In section 3, simulation results are given for QPSK and π/4-shifted QPSK. In section 4, simulation results are given for π/2-shifted BPSK. Finally, section 5 gives the conclusions.
2 Peak-to-Average Power Ratio and Cubic Metric

Both the PAPR and the cubic metric of a signal are derived from the CDF of the normalized signal power. 

The PAPR only depends on the peak power or, depending on its definition, a suitable high percentile of the CDF of a normalized signal. Thus, clipping algorithms or spectrum-shaping functions that minimize the peaks have a considerable impact on the PAPR.
The cubic metric on the other hand depends on the whole power distribution. It is defined in [4]:

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)
The CM is devised to model the impact of non-linearities in the power amplifier on the adjacent channel leakage ratio. A small value of the CM signifies a small required power amplifier back-off. 
The CM is insensitive to the highest power values of the distribution that only have very low probabilities. Thus, methods to reduce the PAPR may not have any major impact on the CM. 
The DPSW/Kaiser windows presented in [1] were designed to minimize the peak power but the impact on the rest of the power distribution was not considered. Nevertheless the DPSW/Kaiser window families include a parameter that makes it possible to systematically investigate a set of functions.

3 Results for QPSK modulation
In this section, required average SNR values and cubic metric values will be presented for the DPSWs and Kaiser windows and compared to root-raised cosine (RRC) functions. The results are from the simulations performed in [1].

Tables 1 and 2 are reproduced from [1] for convenience. Table 1 gives the window parameters for the considered DPSWs and Kaiser windows. Table 2 lists the PAPR values of the windows for two different coded bit rates. The PAPR values vary with almost 3 dB.
In Table 3, the cubic metric values are presented. The DPSWs/Kaiser windows have lower (0.1-0.2 dB) cubic metric than the rectangular function/RRC function for the same coded bit rates. 
Table 1 Spectrum-shaping function-dependent parameters

	Spectrum-shaping function
	Kaiser window

β
	Discrete prolate spheroidal window: W

	QPSK
	2 
	0.737/U

	π/4-shifted QPSK
	2.5
	0.905/U


Table 2 Peak-to-average power ratios for different spectrum-shaping functions and coded bit rates

	Coded bit rate 
	7.2 Mbps
	6.12 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser
	DPSW
	RRC
α=0.22
	Kaiser
	DPSW

	Number of sub-carriers, U
	300
	300
	300
	312
	300
	300

	PAPR (dB): QPSK
	5.8
	4.7
	4.7
	4.5
	3.9
	3.9

	PAPR (dB): π/4-shifted QPSK
	5.6
	3.8
	3.8
	4.0
	3.2
	3.2


Table 3 Cubic metric for different spectrum-shaping functions and coded bit rates

	Coded bit rate 
	7.2 Mbps
	6.12 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser
	DPSW
	RRC
α=0.22
	Kaiser
	DPSW

	QPSK (dB)
	1.0 
	0.8
	0.8
	0.5
	0.4
	0.4

	π/4-shifted QPSK (dB)
	1.0 
	0.9
	0.9
	0.5
	0.4
	0.4


In Tables 4 and 5, the simulated required average SNR values for a block error rate (BLER) of 10 % are shown for two different values of the information bit rate, RI.  
Table 4 Required average SNR at BLER = 0.1, RI = 2 Mbps

	Coded bit rate 
	7.2 Mbps
	6.12 Mbps

	Spectrum-shaping function
	Rectangular

	Kaiser

	DPSW
	RRC
α=0.22
	Kaiser
	DPSW

	AWGN, QPSK (dB)
	-4.9 
	-4.6
	-4.6
	-5.0
	-4.9
	-4.9

	AWGN, π/4-shifted QPSK (dB)
	-4.9 
	-4.2
	-4.2
	-5.0
	-4.7
	-4.7

	Veh. A, QPSK (dB)
	-1.6
	-1.3
	-1.3
	-1.7
	-1.7
	-1.6

	Veh. A, π/4-shifted QPSK (dB)
	-1.6
	-1.0
	-0.9
	-1.7
	-1.5
	-1.5


Table 5 Required average SNR at BLER = 0.1, RI = 4 Mbps

	Coded bit rate 
	7.2 Mbps
	6.12 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser
	DPSW
	RRC
α=0.22
	Kaiser
	DPSW

	AWGN, QPSK (dB)
	-1.2 
	-0.6
	-0.6
	-0.6
	-0.6
	-0.6

	AWGN, π/4-shifted QPSK (dB)
	-1.2 
	-0.2
	-0.2
	-0.6
	-0.4
	-0.4

	Veh. A, QPSK (dB)
	2.4
	3.0
	3.0
	2.9
	3.3
	3.1

	Veh. A, π/4-shifted QPSK (dB)
	2.5
	3.4
	3.4
	3.0
	3.4
	3.4


From the above tables it can be seen that rectangular/RRC spectrum-shaping provides lower average SNR than DPSW spectrum shaping, as has been noticed already in [1]. The difference in required SNR ranges from 0 to 0.9 dB
.

For low data rates (2 Mbps), the cubic metric is lower for DPSW spectrum shaping while the average SNR is almost equal to the average SNR required for RRC spectrum shaping, especially at lower coded bit rate (6.12 Mbps). Because of that, the preferred mode of transmission seems to be the one with low coded bit rate combined with spectrum shaping; either using DPSW or RRC functions.

For high data rate (RI = 4 Mbps), the rectangular window has at least 0.5 dB lower average required SNR than the other windows. Hence, there is no gain in using spectrum shaping in this case.
4 Results for /2-BPSK modulation

In this section, simulation results are given for π/2-shifted BPSK modulation. BPSK modulation can be used for robust transmission of relatively small packets since the number of coded bits is only half compared to QPSK for the same bandwidth. The π/2-shift of every second symbol decreases both PAPR and CM significantly. 
In Table 6, the PAPR values and the CM values are given for the rectangular/RRC windows and for Kaiser windows. The DPSWs are not considered here, since the Kaiser windows approximate the DPSWs very well. 
Table 6 PAPR (99.9th percentile) and CM values for shifted π/2-shifted BPSK

	Coded bit rate 
	3.6 Mbps
	3.06 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser β=2.5
	RRC α=0.22
	Kaiser β=2.5

	CM, π/2-shifted BPSK (dB)
	0.2 
	-0.6
	-0.3
	-0.6

	PAPR, π/2-shifted BPSK (dB)
	4.5
	2.1
	2.3
	2.1


The DPSWs/Kaiser windows have significantly lower (0.3-0.8 dB) cubic metric than the rectangular/RRC functions for the same coded bit rates. Also the PAPR is significantly lower for DPSWs/Kaiser windows.
The required average SNR values for RI = 1 Mbps and RI = 2 Mbps are shown in Tables 7 and 8, respectively. 
Table 7 Required average SNR at BLER = 0.1, RI = 1 Mbps

	Coded bit rate 
	3.6 Mbps
	3.06 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser β=2.5
	RRC
α=0.22
	Kaiser β=2.5

	AWGN, π/2-shifted BPSK (dB)
	-7.8 
	-7.7
	-7.8
	-7.7

	Veh. A, π/2-shifted BPSK (dB)
	-4.7
	-4.6
	-4.8
	-4.7


Table 8 Required average SNR at BLER = 0.1, RI = 2 Mbps

	Coded bit rate 
	3.6 Mbps
	3.06 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser β=2.5
	RRC
α=0.22
	Kaiser β=2.5

	AWGN, π/2-shifted BPSK (dB)
	-4.2 
	-3.9
	-3.6
	-3.4

	Veh. A, π/2-shifted BPSK (dB)
	-0.9
	-0.6
	-0.2
	0.0


For the higher data rate, the required average SNR is about 0.7 dB higher than for QPSK Table 4. Therefore, π/2-shifted BPSK modulation is not suitable at higher data rates although the cubic metric is of the order of 1 dB lower than for QPSK. On the other hand, for RI = 1 Mbps the average required SNR (Table 7) is practically the same for all spectrum shaping functions. 
A similar conclusion holds for RI = 2 Mbps and RC = 3.6 Mbps. Although this high data rate is not suitable for BPSK modulation, the results show that average required SNR does not vary significantly between the windows for intermediate data rates. 

5 Conclusions
From the simulation results we conclude that spectrum shaping should not be used for QPSK at high data rates. At lower data rates, spectrum shaping with a reduced coded bit rate is beneficial.

The π/2-shifted BPSK modulation might be suitable for robust transmission of relatively small packets. In that case the best performances (the lowest CM, the lowest PAPR and close-to-minimum required average SNR) will be obtained by using Kaiser-window spectrum shaping.
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---------------------------------------------- Start of text ----------------------------------------------

9.1.1.6 Peak-to-Average Power Ratio (PAPR) Reduction 
Single-carrier transmission allows for further PAPR reduction, e.g., through the use of PAPR-reducing modulation or coding schemes, clipping, spectral filtering, etc.

For example, modifications to the basic modulation schemes in section 9.1.1, such as per-symbol phase rotations ((/4-QPSK, (/2-BPSK) and I/Q-offsetting (offset-QPSK, offset-QAM), should be considered.
For example, frequency-domain spectrum shaping can be applied between the output of the DFT and the input of the sub-carrier mapping in Figure 9.1.1-1. The selection of the filter shape is a trade-off between spectrum efficiency and PAPR reduction. For a given spectral efficiency, different spectrum-shaping functions can provide different PAPR reductions.  Different spectrum shaping functions should be further studied and optimized for different uplink modulation formats considered. In the case of π/2-BPSK modulated signals, both the PAPR and the cubic metric can be reduced significantly by spectrum shaping using the Kaiser window without reducing the spectral efficiency.
-----------------------------------------------End of text -----------------------------------------------




































� It should be noted that for shifted QPSK the higher average SNRs required for the DPSW/Kaiser windows are due to the higher value of β/W.





