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1 Introduction

In RAN1#86bis, study of low PAPR waveforms was agreed for uplink scenarios as follows [1]:

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 agreements on modulation were 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 last RAN1#87 meeting, π/2-BPSK modulation using DFT-s-OFDM with frequency domain spectral shaping (FDSS) was decided to be working assumption for additional low PAPR technique as follows [2]:
Working assumption:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz

· FFS

· The details of frequency domain spectrum shaping 

· This does not preclude the case where no spectrum shaping is needed

This contribution discusses joint modulation/waveform optimization for further PAPR reduction of DFT-s-OFDM with frequency domain spectrum shaping (FDSS).
2 Joint modulation/waveform optimization for further PAPR reduction of DFT-s-OFDM with FDSS
In DFT-s-OFDM, PAPR depends on phase difference between neighboring data symbols as well as pulse shaping of data symbols. Since phase rotation of data symbols, DFT-spreading, and frequency domain spectrum shaping can mathematically be explained as a new spreading matrix extended from DFT matrix as shown in Figure 1, we can jointly optimize phase rotation value and spectrum shaping coefficients to obtain further lower PAPR than just combining known phase rotation value (e.g., π/2 for BPSK and π/4 for QPSK) and spectrum shaping coefficients (e.g., samples of root-raised-cosine function).
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Figure 1. Mathematical modeling of phase rotation, DFT-spreading, and FDSS in DFT-s-OFDM
Problem formulation
Considering matched dispreading at receiver, DFT is an orthogonal spreader. Likewise, orthogonality condition of the new spreading matrix (including phase rotation, DFT, and FDSS) should be considered to maintain error performance the same as in pure DFT-s-OFDM. Then, the optimization problem can be described as minimizing PAPR subject to satisfy orthogonality condition of the spreading matrix. Instead of using PAPR definition, we used modified metric such that worst case peak power in optimization. Details of mathematical formulation and optimization procedure can be found in Annex A.
Solution
From iterative sequential search for phase rotation value and spectrum shaping coefficients, we found the followings:
Observation 1: For even L (DFT-size), optimized phase rotation values for BPSK and QPSK are derived as the same function of L and K irrespective of spectrum shaping coefficients as follow:

· For BPSK: (0.5 + (K-1)/L)π
· For QPSK: (0.25 + (K-1)/L)π
The corresponding PAPR evaluation results can be found in our companion contribution [3]. Compared to using known phase rotation values (e.g., π/2 for BPSK and π/4 for QPSK) and RRC spectrum shaping coefficients, using the optimized phase rotation values and spectrum shaping coefficients has 1dB PAPR reduction gain in cases of both BPSK and QPSK. For higher modulation (e.g., 16-QAM) amplitude change of data symbols also affects PAPR, so that PAPR reduction gain is marginal.
Proposal 1: NR supports kπ-rotated QPSK as well as kπ-rotated BPSK for DFT-s-OFDM with FDSS.
Proposal2: Use the following optimized phase rotation values for kπ-rotated BPSK and kπ-rotated QPSK for DFT-s-OFDM with FDSS: (L: DFT size, K: FDSS size)

· For BPSK: k = (0.5 + (K-1)/L)

· For QPSK: k = (0.25 + (K-1)/L)

3 Conclusion
In this contribution, we discussed joint modulation/waveform optimization for further PAPR reduction of DFT-s-OFDM with FDSS. The observation and proposals are as follows.
Observation 1: For even L (DFT-size), optimized phase rotation values for BPSK and QPSK are derived as the same function of L and K irrespective of spectrum shaping coefficients as follow:

· For BPSK: (0.5 + (K-1)/L)π
· For QPSK: (0.25 + (K-1)/L)π
Proposal 1: NR supports kπ-rotated QPSK as well as kπ-rotated BPSK for DFT-s-OFDM with FDSS.
Proposal2: Use the following optimized phase rotation values for kπ-rotated BPSK and kπ-rotated QPSK for DFT-s-OFDM with FDSS: (L: DFT size, K: FDSS size)

· For BPSK: k = (0.5 + (K-1)/L)

· For QPSK: k = (0.25 + (K-1)/L)
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5 Annex – A: Details of modulation/waveform optimization
Orthogonality condition on spreading/spectrum shaping matrix
Since phase rotation does not impact on the spreading/spectrum shaping matrix Ŝ in Figure 1, it is omitted in this analysis. Let us denote S to be the matrix obtained by removing phase shift term from Ŝ. Then, considering matched de-spreading at receiver, the orthogonality condition of S can be denoted as follows:
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The left hand side term of the above formula can be derived further as follows:
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Now the condition of spectrum shaping coefficients (pi) to maintain orthogonality of S can be summarized as follows:
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For example, if L=12, K=14, and N=128, the above condition can be illustrated as follows:
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If we consider symmetric spectrum shaping coefficients (like RRC), free variables are reduced to floor((K-L)/2). (In the above example, the number of free variable is reduced to one.) Thus, for some (K-L) configurations, the orthogonality condition can be summarized as Table 1.
Table 1. Orthogonality condition of spectrum shaping coefficients of some (K-L) configurations
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For example, in case of L=12, K=16, and N=128, the spectrum shaping coefficients can be illustrated as follows:
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New metric for quantifying PAPR
Since the orthogonality between data symbols is related to receiver performance, it should be also considered when FDSS needs to be optimized for PAPR. Thus, the proposed optimization problem can be formulated as follows:
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However, since the CCDF of PAPR itself is difficult to be optimized, a new simplified metric to reflect characteristic of the original function well needs to be developed. We replaced the objective function with the worst case peak power value as follows:
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Finalized optimization formula
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