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1. Introduction

One of the multiple access schemes proposed for the E-UTRA uplink is SC-FDMA [1], which is based on single-carrier transmission. The main advantage of this scheme over OFDMA is its relatively low Peak-to-Average Power Ratio (PAPR), which enables a reduction in the required backoff of the UE’s Power Amplifier (PA).  Still, further reduction of the PAPR of the SC-FDMA signal may be beneficial. The issue has already been addressed in several recent contributions; for instance, in [2][3] the effect of pulse (or spectral) shaping on the PAPR was discussed, and in [3][4] modified modulation types (pi/4-QPSK and pi/2-BPSK, respectively) were considered in this context.
In the current contribution, we note that a PAPR-reduction technique proposed originally for multicarrier transmissions [5], may be applied – with certain modifications – also to the single-carrier case. Basically, similar to the methods proposed in [6][7][8] for OFDMA, the idea is to add to the digital-baseband processing chain in the transmitter a new module, where the signal is slightly distorted in a controlled way so as to reduce its PAPR. In particular, as in [9], we propose to construct the additive correction signal using frequency components (sub-carriers) already included in the spectrum of the signal, so that the signal suffers only a negligible self-distortion.  This way no additional interference to other UEs is generated, no additional spectrum (e.g. “reserved tones”) is needed, and the UE’s own spectral efficiency is not reduced. Moreover, in power-limited scenarios – where PAPR reduction is most desirable, it should be possible to keep the resulting EVM below the combined thermal noise and interference level at the Node-B receiver, and thus maintain the UE’s throughput.    
As described in more detail in the next section, the proposed method fits more naturally into (though not limited to) the framework of frequency-domain generation of the SC-FDMA signal, namely into a DFT-spread-OFDM transmitter. We present some preliminary results indicating the potential to reduce the PAPR in various scenarios. 
2. Outline of the PAPR reduction method for DFT-s-OFDM
We propose to perform the PAPR algorithm in a DFT-s-OFDM transmitter in the time-domain, between the IFFT and CP-insertion modules (see Figure 1 in the Appendix), where each data block of N = NIFFT samples is being processed separately. The reason is that at this point along the processing chain we have full control over the spectral content of the signal. This spectral content is dictated by the subcarrier-mapping module, which maps the M = NDFT output values of the DFT module onto M = NTX input bins of the IFFT, with the input values of the rest of the bins set to zero. (The NTX bins may be interleaved, leading to distributed SC-FDMA, or arranged contiguously along the frequency axis, as in localized SC-FDMA.)  Following [8][9], given the frequencies of the NTX bins, one can construct “offline” the so-called PAPR-reduction kernel, from which the additive correction signal for each data block is later on generated “online”. Roughly speaking, the kernel is a normalized approximation of an impulse, built of the pre-assigned frequency components, and the per-block correction signal is an appropriate linear combination of cyclic shifts of the kernel, constructed (e.g. iteratively) so as to suppress peaks of the original data block signal. 
The main parameter of the algorithm is the target threshold A, namely the relative absolute value of the amplitude (in dB) which “defines” the signal peaks requiring suppression.  Clearly, the more aggressive the target threshold is (i.e. as A is set to a smaller value), the larger is the power of the correction signal and so is the generated EVM. Therefore, one can tune A to obtain a desirable tradeoff between the PAPR-reduction level and the EVM of the generated self-distortion.
3. Performance of the method in various scenarios

Figures showing the performance of the PAPR-reduction algorithm and the associated EVM in various scenarios are presented in the Appendix. The PAPR is estimated in each case from the final baseband signal (after CP insertion, time-windowing, and up-sampling), based on 2000 concatenated random data blocks (ignoring pilot blocks).  We focus on scenarios of a single user occupying the whole band, namely M = U, where U is the number of “useful” frequency bins (or “# occupied subcarriers” in the terminology of [10]).  The approach is applicable to other scenarios as well, and we observed similar performance (in both PAPR-reduction and associated EVM) as long as M > ~20, which is equivalent to bandwidth allocation of over ~300 KHz.  We explored the potential of the method also in conjunction with spectral shaping, implemented by Root-Raised-Cosine (RRC) filtering in the frequency-domain between the DFT and IFFT modules [2][3].  For a given nominal bandwidth, the corresponding rolloff factor α determines the spectral efficiency or in other words the number U of useful bins.
Figure 2 depicts the performance of the proposed PAPR-reduction method, using different target thresholds A, for a localized SC-FDMA QPSK signal occupying the whole 5 MHz bandwidth.  The signal was generated as a DFT-s-OFDM signal using M = U = 297 frequency bins out of N = 512 (subcarrier spacing of 15 KHz), with no additional spectral shaping (equivalent to α = 0).

In Figure 3 we compare the performance in the case of a DFT-s-OFDM QPSK signal occupying the whole 5 MHz bandwidth, but now with three different values of the rolloff factor of the spectral-shaping filter (leading to different spectral efficiencies, as implied by the corresponding values of M = U; cf. Table 2 in [2]).  The target threshold values A were selected in each case so as to generate similar levels of self-distortion EVM in the three cases.

In Figure 4 we consider the case of a 16-QAM modulated signal occupying the whole 5 MHz bandwidth, with three different rolloff factors. Here the target threshold values A were selected in the three cases so as to reach similar levels of PAPR reduction.

Figure 5 provides an example for application of the method to pi/2-BPSK and pi/4-QPSK signals (cf. [4] and [3], respectively), at zero rolloff.

As a reference for deciding what EVM level is acceptable, Figure 6 allows one to estimate the resulting SNR degradation at the receiver, by considering the point of required received SNR appropriate for a given MCS. For example, the required SNR for obtaining 10% BLER when using QPSK (16QAM) at Turbo code rate 1/2 is at about 2.5 dB (11 dB), respectively; hence, SNR degradation of 0.1 dB permits EVM values of about 10% ( 5%), respectively, in these two cases.
4. Conclusions
The potential of PAPR reduction for SC-FDMA signals, which was briefly demonstrated, suggests that it should be considered when the actual spectral-shaping requirements for E-UTRA are derived. As it turns out, the reduction that can be achieved using the proposed method is larger than that obtained by increasing the shaping-filter rolloff factor. Thus, it makes sense to focus on small rolloff factors to maximize the uplink spectral efficiency, and resort to PAPR-reduction techniques to eliminate the associated PAPR penalty.
The required implementation resources of the proposed technique, and the impact of the associated self-distortion on the detection performance of the uplink receiver, should be further investigated.
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Figure 1: Schematic structure of the digital-baseband part of a DFT-s-OFDM transmitter, 
including the proposed PAPR-reduction module.
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Figure 2: Clipping rate vs. PAPR for QPSK, N = 512, M = U = 297, α = 0.
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Figure 3: Clipping rate vs. PAPR for QPSK, N = 512, 
with α = 0, 0.14375, and 0.22   (( M = U = 297, 273, and 257, respectively).
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Figure 4: Clipping rate vs. PAPR for 16QAM, N = 512, 
with α = 0, 0.14375, and 0.22   (( M = U = 297, 273, and 257, respectively).
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Figure 5: Clipping rate vs. PAPR for pi/2-BPSK and pi/4-QPSK, 
N = 512, M = U = 297, α = 0.
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Figure 6: Effect of an additional Tx EVM on the Rx SNR at Node B.
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