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1. Introduction

At RAN #71 [1], a new study item named New Radio (NR) Access Technology was approved to develop an NR access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive MTC (mMTC), Ultra-Reliable and Low Latency Communications (URLLC), and additional requirements defined during the RAN requirements study [2]. 
At RAN1#86bis [3], study of low PAPR waveforms were agreed for uplink scenarios as follows.
	Agreement:

· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz

· FFS additional low PAPR techniques 

· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)

· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use

· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.

· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations


In addition, the following agreement was also made: 

	Agreements:

· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study

· Enhancement modulation schemes for further study include

· Higher order modulation in conjunction with MIMO

· Constellation mapping among subcarriers

· Other constellations (e.g., non-uniform QAM) 

· Coded modulations

· Spatial modulation

· Mappings of bits to symbol(s)

· Rotated-QAM up to BPSK, QPSK
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-QAM (0<k<=1)

· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)

· Constellation Interpolation

· Note: Other modulation schemes or combinations of the above schemes are not precluded

· Note: Proponents should describe the details of the receivers


In this contribution, we discuss about low PAPR modulation and waveform for uplink scenarios.
2. Low PAPR waveform and modulation
For coverage limited scenarios (e.g., UL), low PAPR signal is desirable. It is well known that single-carrier based waveforms (e.g., DFT-s-OFDM) have lower PAPR than multi-carrier based waveforms (e.g., OFDM). So, LTE adopted DFT-s-OFDM as uplink waveform to achieve low PAPR. Technically, DFT-s-OFDM uses aliased sinc pulse shape (a.k.a Dirichlet kernel) as a time domain pulse shaping. Thus, for a given modulation method, PAPR of DFT-s-OFDM is determined by sinc pulse shape. 
Figure 1 and Figure 2 show block diagrams of DFT-s-OFDM and DFT-s-OFDM with spectrum shaping using excess bandwidth, respectively. Spectrum shaping in the frequency domain can be beneficial in terms of PAPR reduction because spectrum shaping (i.e., element wise multiplication in the frequency domain) is equivalent to perform pulse shaping in the time domain with circular convolution manner. So, PAPR can be controlled by adopting spectrum shaping in the frequency domain. Since RRC (root-raised cosine) pulse is not the optimal from the PAPR perspective, spectrum shaping coefficients can be newly designed for PAPR reduction. From a complexity perspective, spectrum shaping would be favorable thanks to its frequency domain processing. 
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Figure 1. Block diagram of DFT-s-OFDM
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Figure 2. Block diagram of DFT-s-OFDM with spectrum shaping
In addition to waveform, on the other hand, modulation also affects to PAPR. For example, in NB-IoT UL, pi/2-BPSK and pi/4-QPSK were adopted to achieve low PAPR performance which results in longer battery life and longer coverage. Besides conventional rotated-QAM modulation such as pi/2-BPSK and pi/4-QPSK, there could be other phase rotation values providing even lower PAPR performance than the conventional one. In Figure 3, we use 0.44pi-QPSK for the optimal phase rotation with two spectrum shaping methods using excess bandwidth alpha=0.2. As shown in the figure, PAPR of optimal phase rotation has about 0.5dB lower PAPR than that of pi/4-QPSK in the given shaping method. Since phase rotation does not increase Tx/Rx complexity, phase rotation can be used for PAPR reduction.
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Figure 3. PAPR for spectrum shaping method and rotated-QPSK
For the BPSK case, we use 0.69pi-BPSK for the optimal phase rotation method. As shown in Figure 4, PAPR of optimal phase rotation has about 0.5~1dB lower PAPR than that of pi/2-BPSK in the given spectrum shaping methods.
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Figure 4. PAPR for Spectrum Shaping Method and Rotated-BPSK
Observation 1: Rotated-QAM is beneficial to reduce PAPR in the given pulse shaping method.
Proposal 1: Study rotated-QAM modulation together with DFT-s-OFDM with spectrum shaping for uplink coverage limited scenarios.
3. Conclusions

Throughout this contribution, we made 1 observation and 1 proposal as follows.

Observation 1: Rotated-QAM is beneficial to reduce PAPR in the given pulse shaping method.
Proposal 1: Study rotated-QAM modulation together with DFT-s-OFDM with spectrum shaping for uplink coverage limited scenarios.
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