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1 Introduction
A low peak-to-average power ratio (PAPR) is crucial for the uplink transmission scheme in Evolved UTRA. Single-carrier transmission (SC-FDMA) has been proposed for uplink [1] since it offers low PAPR compared to OFDM. Further reduction of PAPR for SC-FDMA, by means of spectrum-shaping with root-raised cosine (RRC) functions and modulations such as π/4-shifted QPSK and offset QPSK modulations has been discussed [2-4]. 
In this contribution we show that for given spectral mask and spectral efficiency, the PAPR of SC-FDMA signal can be further reduced by some other spectrum-shaping functions.

2 Root-Raised Cosine Functions
It has been shown that the spectrum shape has a considerable impact on the PAPR of the single-carrier signal [2-4]. So far, only RRC spectrum-shaping function, characterized by its roll-off factor, has been considered. The RRC time-domain filters (generating similar spectrum as RRC spectrum-shaping functions) have the following properties, which are useful in numerous applications: The filters
· can be implemented as FIR filters,
· give rise to Nyquist pulses after a matched filter.
However, these properties are not important for SC-FDMA, because

· time-domain filtering can be replaced by spectrum-shaping in the frequency domain (DFT-spread OFDM), and 
· frequency domain equalization is performed regardless the impulse response of the channel including spectrum-shaping.
It is therefore important to not restrict the spectrum-shaping function to be a RRC function, but to consider other (non-RRC) functions to find the optimum spectrum-shaping for each of the investigated modulation formats.

3 Link-Level Simulation Setup
The simulation setup is DFT-spread OFDM, as shown in Figure 1. 
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Figure 1 DFT-spread OFDM transmitter structure with spectrum-shaping

The spectrum-shaping is achieved by multiplying the output of the DFT component-wise with a spectrum-shaping function [3]. In case the signal is mapped on a larger set of sub-carriers than the size of the DFT, the input to the spectrum-shaping block is periodically extended before multiplication by the spectrum-shaping function. 
After spectrum-shaping the signal is mapped on sub-carriers. By shaping the spectrum before mapping on sub-carriers, the PAPR will not depend on the mapping, given that the signal is mapped on equidistant sub-carriers. 
Time-domain windowing to reduce the out-of-band emissions is not applied in the simulations. Instead, the total bandwidths of the spectrum-shaping functions are selected to give similar out-of-band leakage for all functions. Furthermore time-domain windowing does not change the PAPR.
4 Simulation Results
We have investigated non-RRC spectrum-shaping functions and compared their performance to RRC functions, both for QPSK and π/4-shifted QPSK. The performance measure is the throughput as a function of peak transmit power (99.9 percentile), which is proportional to the average received SNR plus PAPR (99.9 percentile) given that the average channel loss and the noise power is constant. The latter is ensured by keeping both noise bandwidth and noise spectral density constant in all simulations. 
Non-RRC functions are obtained by computer optimization for each modulation (QPSK and π/4-shifted QPSK). However, the non-RRC functions do not depend on the coding. The modulation and coding are fixed throughout the simulation, i.e. there is no link adaptation. For each modulation, two information bit rates, RI are simulated. The coded bit rate RC is selected such that the modulated symbol rate equals the 3 dB bandwidth of the RRC function. The non-RRC functions have been evaluated for the same coded bit rates as for the different RRC functions. 
The frame format is according to [1], Table 9.1.1-2. Other simulation parameters are given in Table 1 and spectrum-shaping function-dependent parameters are shown in Table 2.
Table 1 Simulation parameters
	Parameter
	Value

	Propagation channel
	AWGN, Vehicular A 30 km/h

	Noise bandwidth
	5 MHz

	Receive antennas
	2 

	Channel estimation
	Ideal

	Information bit rate, RI
	2 Mbps and 4 Mpbs

	Modulation
	QPSK, π/4-shifted QPSK

	Sampling rate
	7.68 Msps

	Channel coding
	UTRA Rel’ 6  Turbo coding

	HARQ
	No


Table 2 Spectrum-shaping function-dependent parameters

	Spectrum-shaping function
	RRC, α=0 
	RRC, α=0.22
	Non-RRC

	Total bandwidth (MHz)
	4.5 
	4.67 
	4.5 

	Coded bit rate RC (Mbps)
	7.2 
	6.12 
	7.2 
	6.12 


The simulation results are shown in Figures 2 to 5. From the figures it is clear that the non-RRC functions outperform the RRC functions with the same coded bit rate (i.e. the same achievable spectral efficiency
), both for RC = 7.2 Mbps and for RC = 6.12 Mbps, because of a reduced PAPR. The performance gain is very similar for AWGN and Vehicular A channels. For QPSK, the performance gain is 0.6-0.8 dB at RI=2Mbps and 0.5 dB at RI=4Mbps. For π/4-shifted QPSK the gain is slightly smaller, 0.6-0.7 dB at RI=2Mbps and 0.3-0.4 dB at RI=4Mbps.
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Figure 2 Throughput for QPSK modulation in AWGN channel
 [image: image3.png]Throughput (Mbps)

«i4-shifted QPSK

— RRC o=
4l| === RRCo=022

~+ Non-RRC 7.2 Mbps
— Non-RRC 6.12 Mbps

i
T
SNR+PAPR (dB)




Figure 3 Throughput for π/4-shifted QPSK modulation in AWGN channel
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Figure 4 Throughput for QPSK modulation in Vehicular A channel
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Figure 5 Throughput for π/4-shifted QPSK modulation in Vehicular A channel

5 Conclusion

For given spectral mask and spectral efficiency, the different spectrum-shaping functions can provide different PAPR reductions. The root-raised cosine (RRC) spectrum shaping function, characterized by its roll-off factor, is an example of spectrum-shaping function providing PAPR reduction. However, some other spectrum-shaping functions may provide even higher PAPR reductions for the same spectral mask and efficiency. The spectrum-shaping functions for PAPR reduction should be further studied and optimized for each of studied uplink modulation formats.
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� The spectral efficiency is the throughput divided by the available bandwidth given by the spectral mask.
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